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Embryonic stem cells and induced pluripotent stem cells hold great promise for regenerative medi-
cine. These cells can be propagated in culture in an undifferentiated state but can be induced to
differentiate into specialized cell types. Moreover, these cells provide a powerful model system
for studies of cellular identity and early mammalian development. Recent studies have provided
insights into the transcriptional control of embryonic stem cell state, including the regulatory
circuitry underlying pluripotency. These studies have, as a consequence, uncovered fundamental
mechanisms that control mammalian gene expression, connect gene expression to chromosome
structure, and contribute to human disease.Introduction
Embryonic stem cells (ESCs) are pluripotent, self-renewing cells
that are derived from the inner cell mass (ICM) of the developing
blastocyst. Pluripotency is the capacity of a single cell to
generate all cell lineages of the developing and adult organism.
Self-renewal is the ability of a cell to proliferate in the same state.
The molecular mechanisms that control ESC pluripotency and
self-renewal are important to discover because they are key to
understanding development. Because defects in development
cause many different diseases, improved understanding of
control mechanisms in pluripotent cells may lead to new thera-
pies for these diseases.
ESCs have a gene expression program that allows them to
self-renew yet remain poised to differentiate into essentially all
cell types in response to developmental cues. Recent reviews
have discussed ESCs and developmental potency (Rossant,
2008), the nature of the pluripotent ground state of ESCs
(Silva and Smith, 2008), ESC transcriptional regulatory circuitry
(Chen et al., 2008a; Jaenisch and Young, 2008; Macarthur
et al., 2009; Orkin et al., 2008), the influence of extrinsic factors
on pluripotency (Pera and Tam, 2010), and cellular reprogram-
ming into ESC-like states (Hanna et al., 2010; Stadtfeld and
Hochedlinger, 2010; Yamanaka and Blau, 2010). This Review
provides a synthesis of key concepts that explain how pluripo-
tency and self-renewal are controlled transcriptionally. These
concepts have emerged from genetic, biochemical, and molec-
ular studies of the transcription factors, cofactors, chromatin
regulators, and noncoding RNAs (ncRNAs) that control the
ESC gene expression program.
The regulators of gene expression programs can participate in
gene activation, establish a poised state for gene activation in
response to developmental cues, or contribute to gene silencing
(Figure 1). The molecular mechanisms by which these regulators
generally participate in control of gene expression are the
subject of other reviews (Bartel, 2009; Bonasio et al., 2010;
Fuda et al., 2009; Ho and Crabtree, 2010; Li et al., 2007; Roeder,
2005; Surface et al., 2010; Taatjes, 2010). I describe here the940 Cell 144, March 18, 2011 ª2011 Elsevier Inc.regulators that have been implicated in control of ESC state
and discuss how they contribute to the gene expression program
of pluripotency and self-renewal.
The Stem Cell State
ESCs are perhaps unique in that they’ve been the subject of
virtually every scale of investigation from large-scale genomics
and protein-DNA interaction studies to highly focused mecha-
nistic studies of individual regulatory factors. The combined
results of these systems-level and molecular approaches offer
a definition of embryonic stem cell state in terms of global
gene regulation, which serves as both a baseline for under-
standing the changes that occur as cells differentiate and
develop and as ameans to understand the basic biology of these
cells. For the purposes of this Review, this ‘‘state’’ is the product
of all the regulatory inputs that produce the gene expression
program of pluripotent, self-renewing cells. The most important
regulatory inputs in ESCs appear to come from a small number
of ‘‘core’’ transcription factors acting in concert with other tran-
scription factors, some of which are terminal components of
developmental signaling pathways.
Transcription Factors
Transcription factors recognize specific DNA sequences and
either activate or prevent transcription. Early studies into the
transcriptional control of theE. coli lac operon created the frame-
work for understanding gene control (Jacob and Monod, 1961).
In the absence of lactose, the lac operon is repressed by the
Lac repressor, which binds the lac operator and inhibits tran-
scription by RNA polymerase. In the presence of lactose, the
Lac repressor is lost and gene expression is activated by a tran-
scription-activating factor that binds a nearby site and recruits
RNA polymerase. The fundamental concept that emerged from
these studies—that gene control relies on specific repressors
and activators and the DNA sequence elements they recog-
nize—continues to provide the foundation for understanding
control of gene expression in all organisms.
Figure 1. Models for Transcriptionally Active, Poised, and Silent
Genes
Transcription factors, cofactors, chromatin regulators, and ncRNA regulators
can be found at active, poised, and silent genes. At active genes, enhancers
are typically bound by multiple transcription factors, which recruit cofactors
that can interact with RNA polymerase II at the core promoter. RNA poly-
merase II generates a short transcript and pauses until pause-release factors
and elongation factors allow further transcription. Chromatin regulators, which
include nucleosome-remodeling complexes such as Swi/Snf complexes and
histone-modifying enzymes such as TrxG, Dot1, and Set2, are recruited by
transcription factors or the transcription apparatus and mobilize or modify
local nucleosomes. Poised genes are rapidly activated when ESCs are stim-
ulated to differentiate. At poised genes, transcription initiation and recruitment
of TrxG can occur, but pause release, elongation, and recruitment of Dot1 and
Set2 do not occur. The PcG and SetDB1 chromatin regulators can contribute
to this repression, and these can be recruited by some transcription factors
and by ncRNAs. The RNA polymerase II ‘‘ghost’’ in this model of poised genes
reflects the low levels of the enzyme that are detected under steady-state
conditions. Silent genes show little or no evidence of transcription initiation or
elongation and are often occupied by chromatin regulators that methylate
histone H3K9 and other residues. Some of these silent genes are probably
silenced by mechanisms that depend on transcription of at least a portion of
the gene (Buhler and Moazed, 2007; Grewal and Elgin, 2007; Zaratiegui et al.,
2007).In mammals, transcription factors make up the largest single
class of proteins encoded in the genome, representing approxi-
mately 10% of all protein-coding genes (Levine and Tjian, 2003;
Vaquerizas et al., 2009). Transcription factors bind both to
promoter-proximal DNA elements and to more distal regions
that can be nearby or 100s of kb away. The elements that are
involved in positive gene regulation are called enhancers, and
these elements are generally bound by multiple transcriptionfactors. Transcription factors can activate gene expression by
recruiting the transcription apparatus and/or by stimulating
release of RNA polymerase II from pause sites (Fuda et al.,
2009). They can also recruit various chromatin regulators to
promoter regions to modify and mobilize nucleosomes in order
to increase access to local DNA sequences (Li et al., 2007).
In ESCs, the pluripotent state is largely governed by the core
transcription factors Oct4, Sox2, andNanog (Table 1) (Chambers
and Smith, 2004; Niwa, 2007; Silva and Smith, 2008). Oct4 and
Nanog were identified as key regulators based on their relatively
unique expression pattern in ESCs and genetic experiments
showing that they are essential for establishing or maintaining
a robust pluripotent state (Chambers et al., 2003; Chambers
and Smith, 2004; Mitsui et al., 2003; Nichols et al., 1998; Niwa
et al., 2000). Oct4 functions as a heterodimer with Sox2 in
ESCs, thus placing Sox2 among the key regulators (Ambrosetti
et al., 2000; Avilion et al., 2003; Masui et al., 2007). Reprogram-
ming of somatic cells into induced pluripotent stem (iPS) cells
generally requires forced expression of Oct4 and Sox2, unless
endogenous Sox2 is expressed in the somatic cell, consistent
with the view that Oct4/Sox2 are key to establishing the ESC
state (Hanna et al., 2010; Stadtfeld and Hochedlinger, 2010;
Yamanaka and Blau, 2010). Although ESCs can be propagated
in the absence of Nanog (Chambers et al., 2007), Nanog
promotes a stable undifferentiated ESC state (Chambers et al.,
2007), is necessary for pluripotency to develop in ICM cells (Silva
et al., 2009), and co-occupies most sites with Oct4 and Sox2
throughout the ESC genome (Marson et al., 2008b), so it is
included here as a component of the core regulatory circuitry.
Core Regulatory Circuitry
Two key concepts dominate our understanding of the function of
the core transcription factors Oct4, Sox2, and Nanog in control
of ESC state (Figure 2): (1) The core transcription factors function
together to positively regulate their own promoters, forming an
interconnected autoregulatory loop. (2) The core factors co-
occupy and activate expression of genes necessary to maintain
ESC state, while contributing to repression of genes encoding
lineage-specific transcription factors whose absence helps
prevent exit from the pluripotent state.
The interconnected autoregulatory loop formed by Oct4,
Sox2, and Nanog generates a bistable state for ESCs: residence
in a positive-feedback-controlled gene expression program
when the factors are expressed at appropriate levels, versus
entrance into a differentiation program when any one of the
master transcription factors is no longer functionally available
(Boyer et al., 2005; Loh et al., 2006). This regulatory circuit likely
explains the ability to jump-start the ESC gene expression
program during reprogramming by forced expression of reprog-
ramming factors (Jaenisch and Young, 2008). Thus, the ectopi-
cally expressed factors activate transcription of the endogenous
Pou5f (Oct4), Sox2, and Nanog genes and thereby initiate the
positive-feedback loop that sustains ongoing production of
these factors from the endogenous genes in the absence of
further input from the ectopically expressed factors. Some
factors present in reprogramming cocktails, such as c-Myc,
appear to facilitate activation of this interconnected autoregula-
tory circuitry by stimulating gene expression and proliferation
more generally (Rahl et al., 2010).Cell 144, March 18, 2011 ª2011 Elsevier Inc. 941
Table 1. Transcriptional Regulators Implicated in Control of ESC
State
Type of Regulator Function References
Transcription Factors
Oct4 Core circuitry 1
Sox2 Core circuitry 2
Nanog Core circuitry 3
Tcf3 Wnt signaling to core circuitry 4
Stat3 Lif signaling to core circuitry 5
Smad1 BMP signaling to core circuitry 6
Smad2/3 TGF-b/Activin/Nodal signaling 7
c-Myc Proliferation 8
Esrrb Steroid hormone receptor 9
Sall4 Embryonic regulator 10
Tbx3 Mediates LIF signaling 11
Zfx Self-renewal 12
Ronin Metabolism 13
Klf4 LIF signaling 14
Prdm14 ESC identity 15
Cofactors
Mediator Core circuitry 16
Cohesin Core circuitry 17
Paf1 complex Couples transcription with
histone modification
18
Dax1 Oct4 inhibitor 19
Cnot3 Myc/Zfx cofactor 20
Trim28 Myc/Zfx cofactor 21
Chromatin Regulators
Polycomb group Silencing of lineage-specific
regulators
22
SetDB1 (ESET) Silencing of lineage-specific
regulators
23
esBAF Nucleosome mobilization 24
Chd1 Nucleosome mobilization 25
Chd7 Nucleosome mobilization 26
Tip60-p400 Histone acetylation 27
ncRNA Regulators
miRNAs Fine-tuning of pluripotency
transcripts
28
GC-rich ncRNAs PcG complex recruitment 29
The vast majority of these regulators were identified in murine ES cells,
but most appear to play similar roles in human ES cells. LIF-Stat3
signaling is important for maintenance of murine ESCs and Activin-
Smad2/3 signaling has been demonstrated to be important for human
ESCs.
References: 1 (Chambers et al., 2003; Chambers and Smith, 2004; Hart
et al., 2004; Mitsui et al., 2003; Nichols et al., 1998; Niwa et al., 2000;
Scholer et al., 1990); 2 (Chambers and Smith, 2004; Masui et al., 2007);
3 (Chambers et al., 2003; Hart et al., 2004; Mitsui et al., 2003); 4 (Cole
et al., 2008; Marson et al., 2008b); 5 (Niwa et al., 1998); 6 (Ying et al.,
2003); 7 (Beattie et al., 2005; James et al., 2005; Vallier et al., 2005),
8 (Cartwright et al., 2005); 9 (Ivanova et al., 2006; Zhang et al., 2008);
10 (Wu et al., 2006; Zhang et al., 2006); 11 (Han et al.; Ivanova et al.,
2006; Niwa et al., 2009), 12 (Galan-Caridad et al., 2007); 13 (Dejosez
942 Cell 144, March 18, 2011 ª2011 Elsevier Inc.Oct4, Sox2, and Nanog collaborate to activate a substantial
fraction of the actively transcribed protein-coding and miRNA
genes in ESCs (Figure 3A) (Chen et al., 2008b; Marson et al.,
2008b). Sites co-occupied by the three core regulators generally
have enhancer activity, and transcription of genes adjacent to
such sites often depends on at least one of the trio (Chen
et al., 2008b; Chew et al., 2005; Matoba et al., 2006). Oct4 and
Nanog can bind and recruit multiple coactivators, as described
below, accounting for their ability to activate genes.
Oct4, Sox2, and Nanog also occupy repressed genes encod-
ing cell-lineage-specific regulators, and the repression of these
genes is essential for ESCs to maintain a stable pluripotent state
and to undergo normal differentiation (Bilodeau et al., 2009;
Boyer et al., 2005, 2006; Lee et al., 2006; Loh et al., 2006;Marson
et al., 2008b; Pasini et al., 2008; Pasini et al., 2004). The loss of
these core regulators leads to rapid induction of a wide spectrum
of genes encoding lineage-specific regulators, indicating that
these genes are poised for activation.
Howmight Oct4/Sox2 and Nanog act to repress these genes?
The SetDB1 and Polycomb group (PcG) chromatin regulators
have both been implicated in repression of these lineage-
specific regulatory genes. Oct4 can bind sumoylated SetDB1,
which catalyzes the repressive histone modification H3K9me3
at many of these genes (Bilodeau et al., 2009; Yeap et al.,
2009; Yuan et al., 2009). PcG complexes can associate with
nucleosomes with histone H3K9me3 (Margueron et al., 2009)
and further contribute to repression through mechanisms
described below. It is also possible that Oct4, Sox2, and Nanog
activate some level of transcription initiation in the extensive GC-
rich promoter regions of these genes. The corresponding GC-
rich RNA species produced from these regionsmight then recruit
or stabilize PcG complexes (Guenther and Young, 2010; Zhao
et al., 2010). Thus, Oct4 and its partners may recruit SetDB1
through protein-protein interactions and PcG complexes via
interactions with both histone H3K9me3 and transcripts
produced as a consequence of local transcription activation.
The ability of Oct4, Sox2, and Nanog to positively regulate
genes necessary to maintain ESC state while repressing genes
that would enable egress from this state explains, in part, the
ability of ESCs to self-renew in an undifferentiated state yet
remain poised to differentiate into all cell types of the body in
response to developmental cues. Additional regulators of gene
expression are known to collaborate with Oct4, Sox2, and
Nanog to control the ESC gene expression program (Table 1).
Many of these regulators have emerged from systems-levelet al., 2008; Dejosez et al., 2010); 14 (Jiang et al., 2008; Niwa et al.,
2009); 15 (Chia et al., 2010); 16 (Hu et al., 2009; Kagey et al., 2010); 17
(Fazzio et al., 2008; Hu et al., 2009; Kagey et al., 2010); 18 (Ding et al.,
2009); 19 (Kim et al., 2008; Niakan et al., 2006; Sun et al., 2009); 20 (Hu
et al., 2009); 21 (Fazzio et al., 2008; Hu et al., 2009); 22 (Azuara et al.,
2006; Bernstein et al., 2006; Boyer et al., 2006; Bracken et al., 2006;
Lee et al., 2006; Leeb et al., 2010; Li et al., 2010; Pasini et al.; Peng
et al., 2009; Shen et al., 2009; Stock et al., 2007; van der Stoop et al.,
2008); 23 (Bilodeau et al., 2009; Yeap et al., 2009; Yuan et al., 2009);
24 (Ho and Crabtree, 2010; Schnetz et al., 2010); 25 (Gaspar-Maia
et al., 2009); 26 (Schnetz et al., 2010); 27 (Fazzio et al., 2008); 28 (Marson
et al., 2008b); 29 (Guenther and Young, 2010; Surface et al., 2010).
Figure 2. Core Regulatory Circuitry
Oct4, Sox2, and Nanog collaborate to regulate their own
promoters, forming an interconnected autoregulatory
loop. The Pou5f (Oct4), Sox2, and Nanog genes are rep-
resented as blue boxes and proteins as red balloons.
These core transcription factors (O/S/N) function to acti-
vate expression of protein-coding and miRNA genes
necessary to maintain ESC state, but they also occupy
poised genes encoding lineage-specific protein and
miRNA regulators whose repression is essential to main-
taining that state. Additional transcription factors, such as
the c-Myc/Max heterodimer (M/M), cause pause release
at actively transcribed genes. A subset of the cofactors
and chromatin regulators implicated in control of ES cell
state (Table 1) are shown.genetic and proteomic screens (Bilodeau et al., 2009; Chia et al.,
2010; Fazzio et al., 2008; Hu et al., 2009; Ivanova et al., 2006;
Kagey et al., 2010; Liang et al., 2008; Pardo et al., 2010; van
den Berg et al., 2010; Wang et al., 2006; Zhao et al., 2010).
Although the roles of these regulators are not yet fully under-
stood, they ultimately exert their effects by regulating RNA poly-
merase II at various steps in transcription.
Control of RNA Polymerase II
Transcription factors control at least two major steps in gene
expression (Fuda et al., 2009; Peterlin and Price, 2006; Rahl
et al., 2010). Some transcription factors recruit RNA polymerase
II to promoters, where the enzyme typically transcribes a short
distance (approximately 35 bp) and then pauses or terminates.
Other transcription factors recruit a cyclin-dependent kinase
(Cdk9/cyclinT) called p-TEFb, which phosphorylates the poly-
merase and its associated pause control factors, allowing the
enzyme to be released from pause sites and fully transcribe
the gene. Oct4, Sox2, and Nanog interact with coactivators
that bind to RNA polymerase II (Kagey et al., 2010), so the core
regulators are involved in RNA polymerase II recruitment. In
contrast, c-Myc, which plays important roles in ESC proliferation
and self-renewal (Cartwright et al., 2005), does not appear to
play an important role in RNA polymerase II recruitment but
rather binds to E box sequences at core promoter sites and
recruits p-TEFb, thus stimulating pause release (Rahl et al.,
2010). A large proportion of the actively transcribed genes in
ESCs are bound and regulated by both the core transcription
factors and c-Myc (Figure 3A). Thus, Oct4/Sox2/Nanog appar-
ently play dominant roles in selecting the set of ESC genes that
will be actively transcribed and recruiting RNA polymerase II to
these genes, while c-Myc regulates the efficiency with which
these selected genes are fully transcribed. This likely explains
why forced expression of c-Myc can enhance reprogramming
efficiency and why this transcription factor plays such a potent
role in proliferation of many cancer cells (Jaenisch and Young,
2008; Rahl et al., 2010).
Multiple Enhancers and Enhanceosomes
Enhancers are generally bound by multiple transcription factors,
forming large nucleoprotein complexes called enhanceosomes,
which permit cooperative binding between transcription factors
and allow for synergistic and combinatorial effects on gene regu-lation (Maniatis et al., 1998). The cooperative interactions
among transcription factors binding to adjacent DNA sites and
to cofactor complexes explains why multiple transcription
factors are found together in the genome and why transcription
factors bind stably to only a small subset of the millions of
DNA sequence motifs present in the vertebrate genome. Many
genes have multiple enhancers and thus multiple enhanceo-
somes (Levine and Tjian, 2003). In Drosophila, these multiple,
seemingly redundant enhancers have been shown to contribute
to phenotypic robustness during embryonic development
(Frankel et al., 2010; Hong et al., 2008). That is, normal levels
of gene expression are obtained despite environmental and
genetic variability so long as genes are equipped with multiple
enhancers.
In addition to Oct4, Sox2, Nanog, and c-Myc, the transcription
factors Tcf3, Smad1, Stat3, Esrrb, Sall4, Tbx3, Zfx, Ronin, Klf2,
Klf4, Klf5, and PRDM14 have been shown to play important roles
in control of ESC state (Table 1). The ChIP-Seq data that have
been obtained for these transcription factors indicate that they
can bind to loci occupied by Oct4/Sox2/Nanog as well as other
loci (Figure 3B), forming sites that have been called multiple tran-
scription factor-binding loci (MTL) (Chen et al., 2008b; Kim et al.,
2008). Several lines of evidence indicate that most MTL are
enhancers. Most MTL are occupied by the p300 cofactor, and
the subset of MTL that are occupied by Oct4/Sox2/Nanog are
also occupied by the mediator cofactor (Chen et al., 2008b;
Kagey et al., 2010). All Oct4/Sox2/Nanog-containing MTL tested
to date have been shown to exhibit enhancer activity (Chen et al.,
2008b). It is therefore likely that functional enhanceosomes are
formed at most MTL.
The evidence obtained thus far suggests that most Oct4/
Sox2/Nanog-regulated genes are co-occupied by one or more
of the other transcription factors implicated in control of ESCs
(Figures 3A–3C). Examination of the Max gene reveals a typical
pattern, where the promoter region contains a site bound by
Oct4, Sox2, Nanog, Tcf3, and Essrb and various other sites
occupied by c-Myc, Zfx, Ronin, and Klf4 (Figure 3D). Thus the
functions of the core regulators (Oct4, Sox2, and Nanog) are
augmented by the functions of many the other transcription
factors implicated in control of ESC state at actively transcribed
target genes.Cell 144, March 18, 2011 ª2011 Elsevier Inc. 943
Figure 3. Relationships between Core and Other Transcription
Factors in Regulatory Circuitry and Gene Control
(A) Overlap between actively transcribed genes occupied by core transcription
factors (TFs) (union of Oct4-, Sox2-, and Nanog-bound genes) and those
occupied by c-Myc. Active genes (9355) were defined as the set of genes
944 Cell 144, March 18, 2011 ª2011 Elsevier Inc.Signaling to the Core Regulatory Circuitry
Cells sense and respond to their cellular and biochemical envi-
ronment through signal transduction pathways, which can
deliver information to the genome in the form of activated tran-
scription factors or cofactors. For ESCs, maintenance of the
pluripotent state is dependent on the absence or inhibition of
signals that stimulate differentiation (Pera and Tam, 2010; Silva
and Smith, 2008). ESCs were initially cultured on a layer of irra-
diated fibroblasts in order to obtain the necessary factors for
self-renewal and pluripotency (Smith, 2001; Smith and Hooper,
1983). LIF, Wnt, and ligands of the TGF-b/BMP signaling
pathway were among factors supplied by the fibroblasts and
found to influence the murine ESC state (Okita and Yamanaka,
2006; Sato et al., 2004; Smith et al., 1998; Williams et al., 1988;
Ying et al., 2003).
Remarkably, the transcription factors associated with the LIF,
Wnt, and BMP4 signaling pathways (Stat3, Tcf3, and Smad1)
tend to co-occupy enhancers bound by Oct4, Sox2, and Nanog,
thereby allowing direct control of genes within the core circuitry
by these signaling pathways (Figure 4) (Chen et al., 2008a,
2008b; Cole et al., 2008; Tam et al., 2008; Wu et al., 2006; Zhang
et al., 2006). Loss of Oct4 leads to a loss of these signaling tran-
scription factors at Oct4-bound enhancers. Thus, signals medi-
ated by these pathways are delivered directly to the enhancers of
genes within the core regulatory circuitry and can thereby have
profound effects on pluripotency and self-renewal. This likely
explains why manipulation of the Wnt signaling pathway can
enhance reprogramming (Lluis et al., 2008;Marson et al., 2008a).
Transcriptional Cofactors
Cofactors are protein complexes that contribute to activation
(coactivators) and repression (corepressors) but do not have
DNA-binding properties of their own. Some cofactors mobilize
or modify nucleosomes, and in these cases they are also consid-
ered chromatin regulators. Cofactors are generally expressed in
most cell types, but ESCs are more sensitive than somatic cells
to reduced levels of certain cofactors and chromatin regulators,
such as mediator and cohesin (Fazzio and Panning, 2010; Kagey
et al., 2010).occupied by both RNA polymerase II and nucleosomes with histone
H3K79me3.
(B) Frequency distribution showing how c-Myc, Tcf3, Smad1, Stat3, Esrrb,
Tbx3, Zfx, Ronin, and Klf4 are associated with Oct4/Sox2/Nanog-occupied
loci. Oct4, Sox2, and Nanog are the three transcription factors in the first bin,
which indicates that 23% of O/S/N-bound loci are not occupied by any of the
other transcription factors included in the analysis. Binding was called at a high
confidence (p < 109) threshold within a 50 bpwindow, so the actual number of
factors bound to Oct4/Sox2/Nanog-occupied loci is somewhat higher than
indicated in this graph.
(C) Frequency distribution showing how often c-Myc, Tcf3, Smad1, Stat3,
Esrrb, Tbx3, Zfx, Ronin, and Klf4 are associated with Oct4/Sox2/Nanog-
occupied genes (p < 109). Oct4, Sox2, and Nanog are the three transcription
factors in the first bin, which shows that only 2% of O/S/N-bound genes lack
binding to any of the other transcription factors.
(D) Gene tracks showing an example of an actively transcribed gene (Max)
occupied by an Oct4/Sox2/Nanog enhancer and other transcription factors
implicated in ESC control. At this gene, Tcf3 and Essrb occupy the Oct4/Sox2/
Nanog enhancer and Zfx, Ronin, Klf4, and c-Myc bind loci closer to the tran-
scription start site.
ChIP-Seq data were obtained from GSE11431, GSE11724, GSE12680, and
GSE22557.
Figure 4. Signaling to Core Regulatory Circuitry
(A) Model of an enhancer where transcription factors
associated withWnt, LIF, and BMP4 signaling (Stat3, Tcf3,
and Smad1) occupy sites near the core regulators.
(B) Oct4 distal enhancer provides an example of a DNA
element that is bound by the core regulators and signaling
transcription factors and contains sequence motifs for
each of these factors.
(C) Frequency distribution showing how often signaling
transcription factors (Stat3, Tcf3, and Smad1) are asso-
ciated with Oct4/Sox2/Nanog-bound loci throughout
genome. Binding was called at a high confidence
(p < 109) threshold within a 50 bp window, so the actual
percent of Oct4/Sox2/Nanog-bound loci that are occu-
pied by signaling transcription factors is somewhat higher.
ChIP-Seq data were obtained from GSE11431,
GSE11724, GSE12680, and GSE22557.Transcription factors that occupy active enhancers bind coac-
tivators such as p300 and mediator, which in turn bind and
control the activity of the transcription initiation apparatus
(Conaway et al., 2005; Malik and Roeder, 2005; Roeder, 1998;
Taatjes, 2010). The p300 and mediator coactivators are very
large multisubunit complexes that can accommodate simulta-
neous interactions with many transcription factors. The p300
cofactor occupies most active promoters in ESCs (Chen et al.,
2008b). Reduced levels of p300 do not appear to adversely
affect ESCs but rather have a profound effect on ESC differenti-
ation (Chen et al., 2008b; Zhong and Jin, 2009).
Recent studies have shown that mediator physically links
Oct4/Sox2/Nanog-bound enhancers to the promoters of active
genes in the core regulatory circuitry of ESCs (Figure 5) (Kagey
et al., 2010). The mediator recruited to the Oct4/Sox2/Nanog-
regulated promoters associates with the cohesion-loading factor
Nipbl, which provides a mechanism for cohesin loading at these
sites. The mediator/cohesin complex forms a looped chromo-
some architecture between enhancers and core promoters
that is necessary for normal gene activity. Mediator and cohesin
co-occupy different promoters in different cell types, thus gener-
ating cell-type-specific DNA loops associated with the gene
expression program of each cell.
Mediator plays an important role in the transcriptional
response to signaling. The CDK8 kinase subunit of the mediator
complex can influence the activity of signaling transcription
factors (Alarcon et al., 2009; Fryer et al., 2004; Gao et al.,
2009; Taatjes, 2010). For example, CDK8-meditated phosphor-
ylation of the linker region within Smad1/5 or Smad2/3
complexes can activate these transcription factor complexes,
but it also targets them for proteasomal degradation. A dynamic
cycle of transcription factor activation and destruction ensures
that continuous pathway activation is necessary for continuous
gene activation and may facilitate rapid changes in cell state
when signaling is altered.
Cohesin and condensin complexes mediate essential
changes in chromosome morphology associated with expres-
sion and maintenance of the genome (Nasmyth and Haering,
2009; Wood et al., 2010), and ESCs are highly sensitive to
reduced levels of these key structural components of chromatin
(Fazzio and Panning, 2010; Kagey et al., 2010). The association
of cohesin with mediator and its contribution to both gene
activity and DNA looping in ESCsmakes it both an essential tran-scriptional cofactor and a key chromatin regulator (Kagey et al.,
2010). The presence of similar cohesin/condensin complexes
in prokaryotes suggests that these proteins existed before
histones and may thus have more ancient roles in structuring
DNA than nucleosomes.
ESCs are also sensitive to changes in the levels of the Paf1
complex, which is associated with RNA polymerase II at active
genes (Ding et al., 2009). Based on studies in yeast, the Paf1
complex couples transcription initiation and elongation with
histone H3K4 and H3K36 methylation (Krogan et al., 2003). In
ESCs, the Paf1 complex may also play this role, as knockdowns
lead to reduced levels of histone H3K4me3 at actively tran-
scribed genes (Ding et al., 2009).
Corepressors that have been implicated in control of ES cell
state include Dax1, Cnot3, and Trim28 (Fazzio et al., 2008; Hu
et al., 2009; Sun et al., 2009). Overexpression of Dax1 causes
ESC differentiation, likely due to an inhibitory interaction with
Oct4 (Sun et al., 2009). Cnot3 and Trim28 co-occupy many
promoters with c-Myc and Zfx and probably contribute to control
of proliferation and self-renewal. They differ somewhat in the
additional promoters they occupy, which might explain why
loss of Cnot3 causes ESCs to differentiate into trophectoderm,
whereas loss of Trim28 causes cells to differentiate into the
primitive ectoderm lineage (Hu et al., 2009). The mechanisms
involved in ESC gene regulation by Cnot3 and Trim28 are not
yet well understood, but Trim28 can interact with HP1 and
SetDB1 to facilitate formation of repressive chromatin (Cammas
et al., 2004; Schultz et al., 2002).
In summary, ESCs are especially sensitive to reduced levels of
certain cofactors, such as the mediator and PAF1 complexes,
possibly because a large portion of the ESC genome is transcrip-
tionally active and these cofactors are limiting. ESCs are also
sensitive to the loss of specific corepressors, which apparently
exert their control by acting on Oct4 directly or through repres-
sive chromatin-modifying activities.
Chromatin Regulators in ESC Gene Activity
and Silencing
Eukaryotic genomes are packaged into nucleosomes (Kornberg
and Thomas, 1974; Olins and Olins, 1974), which provide
a means to compact the genome and to influence gene expres-
sion. Early studies showed that nucleosomes can affect tran-
scription in vitro (Knezetic and Luse, 1986; Lorch et al., 1987)Cell 144, March 18, 2011 ª2011 Elsevier Inc. 945
Figure 5. Mediator and Cohesin Contribute to Gene Control in Core
Circuitry
(A) ChIP-Seq data at the Pou5f gene for transcription factors, mediator and
cohesin, and the transcription apparatus (Pol2 and TBP). Note evidence for
crosslinking of most components to both enhancer elements and core
promoter. The numbers on the y axis are reads/million. ChIP-Seq data were
obtained from GSE11431, GSE11724, GSE12680, and GSE22557.
(B) Model for DNA looping by mediator and cohesin. Oct4, Sox2, and Nanog
bind mediator, which binds RNA polymerase II at the core promoter, thus
forming a loop between the enhancer and the core promoter. The transcription
activator-bound form of mediator binds the cohesion-loading factor Nipbl,
which provides a means to load cohesin. Both mediator and cohesin are
necessary for normal gene activity. This model contains a single DNA loop, but
multiple enhancers may be bound simultaneously, generating multiple loops.and in vivo (Han and Grunstein, 1988; Kayne et al., 1988). Subse-
quent studies revealed that gene expression can be influenced
by proteins that modify histones (Brownell et al., 1996) or mobi-
lize nucleosomes (Cote et al., 1994; Imbalzano et al., 1994; Kwon
et al., 1994) and these have come to be known as chromatin
regulators. Chromatin regulators are generally recruited to genes
by DNA-binding transcription factors, the transcription appa-
ratus, or specific RNA species (Guenther and Young, 2010; Li
et al., 2007; Roeder, 2005; Surface et al., 2010).
Some chromatin regulators are essential for ESC viability,
including SetDB1 and the cohesin/condensin protein complexes
(Dodge et al., 2004; Fazzio and Panning, 2010; Kagey et al.,
2010), whereas others contribute to the stability of ESCs or
establish a state that is essential for differentiation (Leeb et al.,
2010; Meissner, 2010; Niwa, 2007). The chromatin regulators946 Cell 144, March 18, 2011 ª2011 Elsevier Inc.that contribute to these states fall into four classes: cohesin/con-
densin protein complexes (discussed above), histone-modifying
enzymes, ATP-dependent chromatin-remodeling complexes,
and DNA methyltransferases.
Histone-Modifying Enzymes
The chromatin regulators known to have the most profound
impact on ESC state are histone-modifying enzymes that
repress genes encoding lineage-specific developmental regula-
tors. These include the PcG protein complexes, SetDB1, and
Tip60-p400. PcG and Trithorax group (TrxG) genes were discov-
ered in Drosophila melanogaster as repressors and activators of
Hox genes (Schuettengruber et al., 2007). TrxG proteins catalyze
trimethylation of histone H3 lysine 4 (H3K4me3) at the promoters
of active genes and facilitate maintenance of active gene states
during development, in part by antagonizing the functions of PcG
proteins. PcG protein complexes catalyze ubiquitylation of
histone H2A lysine 119 (H2AK119u) and trimethylation of histone
H3 lysine 27 (H3K27me3) and function in ESCs to help silence
genes encoding key regulators of development yet allow them
to remain in a state that is ‘‘poised’’ for activation during differen-
tiation (Azuara et al., 2006; Bernstein et al., 2006; Boyer et al.,
2006; Bracken et al., 2006; Endoh et al., 2008; Landeira et al.,
2010; Lee et al., 2006; Li et al., 2010; Pan et al., 2007; Pasini
et al., 2010; Peng et al., 2009; Shen et al., 2009; van der Stoop
et al., 2008). PcG proteins are thought to inhibit transcription,
at least in part, by restraining poised RNA polymerase molecules
(Stock et al., 2007; Zhou et al., 2008b). ESCs lacking PcG protein
complexes can be established but are unstable and tend to
differentiate; when they do differentiate, they fail to execute
differentiation programs appropriately (Leeb et al., 2010).
Multiple histone H3 lysine 9 methyltransferases have been
implicated in control of ESC state (Bilodeau et al., 2009; Yeap
et al., 2009; Yuan et al., 2009). A subset of the silent genes that
encode lineage-specific developmental regulators, including
those involved in generating the extraembryonic trophoblast
lineage, are occupied and repressed by SetDB1, which cata-
lyzes methylation of histone H3 lysine 9. Thus, multiple repres-
sive mechanisms, involving methylation of H3K27 and H3K9
and ubiquitylation of histone H2A, are used to silence genes
encoding lineage-specific developmental regulators.
The Tip60-p400 complex has multiple activities, among which
is histone acetylation, and loss of this complex affects ESC
morphology and state (Fazzio et al., 2008). It is found associated
with active promoters in ESCs and appears to be recruited in two
ways, directly by the H3K4me3 mark and indirectly by Nanog.
Interestingly, the complex is also associated with nucleosomes
with H3K4me3 at PcG-occupied genes encoding lineage-
specific regulators, where it apparently facilitates repression of
these poised genes. Because Tip60-p400 is generally found
associated with active genes, its repressive function may derive
from its potential role in facilitating transcription of ncRNAs that
recruit or stabilize PcG complexes, as described below.
ATP-Dependent Nucleosome Remodeling
ATP-dependent nucleosome-remodeling complexes can be
recruited by transcription factors and modified histones to the
promoters of genes, where they enhance or reduce the access
of transcriptional components to DNA sequences with resulting
positive or negative effects on gene activity (Clapier and Cairns,
2009; Ho and Crabtree, 2010). Components of multiple ATP-
dependent nucleosome-remodeling complexes have been
implicated in control of ESC state (Table 1) (Bilodeau et al.,
2009;Gaspar-Maia et al., 2009; Ho andCrabtree, 2010; Klochen-
dler-Yeivin et al., 2000; Schnetz et al., 2010). A complex purified
from ESCs called esBAF has been shown to be associated with
the promoters of genes under the control of Oct4, Sox2, and
Nanog, and core subunits of this complex are essential for ESC
maintenance (Ho and Crabtree, 2010). Chd1, a member of the
chromodomain helicase DNA-binding (CHD) family of ATP-
dependent chromatin remodelers, is associated with the
promoters of active genes, and Chd1-deficient ESCs are inca-
pable of giving rise to primitive endoderm (Gaspar-Maia et al.,
2009). Another member of the CHD family, Chd7, is associated
with active Oct4/Sox2/Nanog-bound enhancers in ES cells,
where it is thought to fine-tune the expression levels of ESC-
specific genes (Schnetz et al., 2010). Unlike mutations in esBAF
and Chd1, which affect ESC state, the effects of changing
Chd7 dosage are subtle and do not appear to affect pluripotency
or self-renewal. Thus, multiple ATP-dependent nucleosome-
remodeling complexes are present at many key ESC genes.
DNA Methylation
DNAmethylation is essential for mammalian development and is
required in most somatic tissues. Although five DNA methyl-
transferases (Dnmt1, 2, 3a, 3b, and 3l) are expressed in ES cells
and 60%–80% of all CpG dinucleotides are methylated (Meiss-
ner, 2010), ESCs can be established and maintained in the
absence of Dnmts and DNA methylation. However, Dnmt-defi-
cient ESCs are markedly deficient in differentiation (Jackson
et al., 2004), which is likely due, at least in part, to their inability
to completely silence genes encoding Oct4 and Nanog during
differentiation (Feldman et al., 2006).
Noncoding RNAs in ESC Regulatory Circuitry
The idea that ncRNA might regulate genes was proposed at
the dawn of studies on regulation of gene expression (Britten
and Davidson, 1969; Jacob and Monod, 1961). It is now clear
that ncRNA is involved in regulation of many important biological
processes, including X inactivation, dosage compensation,
imprinting, polycomb repression, and silencing of repeated
elements, as described in several recent reviews (Lee, 2009;
Surface et al., 2010; Wilusz et al., 2009; Zaratiegui et al., 2007).
Indeed, a variety of ncRNA species have been implicated in
control of ESC state (Table 1). These include miRNAs, which
can regulate the stability and translatability of mRNAs and,
acting in this fashion, play essential roles in normal ESC self-
renewal and cellular differentiation. They also include longer
ncRNAs of various types, which have been implicated in recruit-
ment of chromatin regulators such as the PcG complexes
(Bracken and Helin, 2009; Guenther and Young, 2010; Surface
et al., 2010; Wilusz et al., 2009; Zhao et al., 2010).
miRNAs and Control of ESC Identify
Multiple lines of evidence indicate that miRNAs contribute to the
control of early development. ESCs deficient in miRNA-process-
ing enzymes such as dicer and DCGR8 show defects in differen-
tiation and proliferation (Kanellopoulou et al., 2005; Murchison
et al., 2005; Wang et al., 2007). Two key themes have emerged
from studying the regulation of miRNA genes in ESCs (Marsonet al., 2008b). First, the core regulators Oct4/Sox2/Nanog acti-
vate genes for miRNAs that are preferentially expressed in
ESCs, and these miRNAs contribute to cell state maintenance
and cell state transitions by fine-tuning the expression of key
ESC genes and by promoting the rapid clearance of ESC
transcripts during differentiation. Second, the core regulators
co-occupy repressed lineage-specific miRNA genes with
SteDB1 and PcG complexes, thus poising them for expression
during differentiation.
The core circuitry controls the expression of miRNAs that fine-
tune the expression of key transcripts and promote the rapid
clearance of ESC-specific transcripts during differentiation
(Figure 6). Several miRNA polycistrons that specify the most
abundant miRNAs in ESCs and that are silenced during early
differentiation are positively regulated by Oct4/Sox2/Nanog
(Marson et al., 2008b). These include the mir-290-295 cluster,
and miRNAs with seed sequences in this family have been impli-
cated in cell proliferation (He et al., 2005; O’Donnell et al., 2005;
Wang et al., 2008) and have been shown to rescue the prolifera-
tion defects observed in miRNA-deficient ES cells (Kanellopou-
lou et al., 2005; Murchison et al., 2005; Wang et al., 2007,
2008). Furthermore, the zebrafish homolog of this miRNA family,
miR-430, contributes to the rapid degradation of maternal tran-
scripts in early zygotic development (Giraldez et al., 2006), and
this miRNA family also promotes the clearance of transcripts in
early mammalian development (Farh et al., 2005).
The core transcription factors and PcG complexes co-occupy
genes for miRNAs that are repressed in ESCs but become
selectively expressed in cells of the immune system (mir-155),
pancreatic islets (mir-375), neural cells (mir-124 and mir-9), and
differentiating ESCs (mir-296) (Figure 6A) (Marson et al.,
2008b). This set of miRNA genes is thus poised to contribute
to cell-fate decisions during development in the same fashion
as genes encoding lineage-specific transcription factors that
are co-occupied by the core regulators and PcG complexes.
Some of these miRNA genes are rapidly induced upon ESC
differentiation and facilitate loss of ESC state; for example
mir-296 targets Nanog mRNA (Tay et al., 2008) (Figure 6B).
Other poised miRNA genes, such as those specifying mir-155,
mir-375, mir-124, and mir-9, are induced in a tissue-specific
manner during development.
ncRNAs and Polycomb-Mediated Silencing
Recent studies indicate that a broad spectrum of ncRNA mole-
cules recruit or stabilize PcG complexes at specific sites in the
ESC genome. Specific ncRNA molecules have been shown to
recruit PcG complexes to the X-inactivation center X(ic), the
kcnq1 domain, the INK4b/ARF/INK4a locus, the HOXD locus,
andmany other genomic loci in ESCs and other cell types (Gupta
et al., 2010; Pandey et al., 2008; Rinn et al., 2007; Tsai et al., 2010;
Yap et al., 2010; Zhao et al., 2010; Zhao et al., 2008). Noncoding
RNAs of various lengths are transcribed bidirectionally by RNA
polymerase II from a majority of promoters (Core et al., 2008;
Guenther et al., 2007; He et al., 2008; Seila et al., 2008); some
of these are able to bind PcG complexes, which tend to occupy
genes near promoter sites (Guenther and Young, 2010; Kanhere
et al., 2010; Surface et al., 2010; Zhao et al., 2010). Polycomb
Repressive Complex 2 (PRC2), one of the PcG complexes, has
been shown to bind RNA species of 200–1200 nucleotides thatCell 144, March 18, 2011 ª2011 Elsevier Inc. 947
Figure 6. Selected Components of ESC Core Regulatory Circuitry
and Its Disruption during Differentiation
(A) This model of core regulatory circuitry incorporates selected protein-
coding and miRNA target genes. Oct4, Sox2, and Nanog directly activate
transcription of genes whose products include the spectrum of transcription
factors, cofactors, chromatin regulators, and miRNAs that are known to
contribute to ESC state. Oct4, Sox2, and Nanog are also associated with
SetDB1- and PcG-repressed protein-coding andmiRNA genes that are poised
for differentiation.
(B) The loss of ESC state during differentiation involves the silencing of the
Pou5f1 gene, the proteolytic destruction of Nanog by caspase-3, and miRNA-
mediated reduction in Oct4, Nanog, and Sox2 mRNA levels.originate fromapproximately 20%of the sites in the ESCgenome
that are occupied by PRC2 (Zhao et al., 2010). PRC2 can also
bind to RNA species of 50–200 nucleotides (Kanhere et al.,
2010). Polycomb Repressive Complex 1 (PRC1), another of the
PcG complexes, can also bind specific RNA species (Yap et al.,
2010). Thus, PcG complexes may generally be recruited, stabi-
lized, and thus regulated by binding to ncRNAs that are tran-948 Cell 144, March 18, 2011 ª2011 Elsevier Inc.scribed from a large number of promoter regions in ESCs. This
may also help to explain why transcripts are occasionally
observed from genes occupied by PcG complexes.
ESCs and iPSCs
Induced pluripotent stem cells (iPSCs) have been generated
from a broad range of murine and human somatic cells by using
forced expression of Oct4, Sox2, and other transcription factors
(Hanna et al., 2010; Stadtfeld and Hochedlinger, 2010; Yama-
naka and Blau, 2010). Fully reprogrammed murine iPSCs are
apparently equivalent to ESCs in developmental potency and
gene expression, although some iPSCs can retain a memory of
their somatic program. A few murine iPSCs have been shown
to be capable of generating ‘‘all-iPSC’’ mice and thus have
a developmental potency equivalent to ESCs (Boland et al.,
2009; Kang et al., 2009; Stadtfeld et al., 2010; Zhao et al.,
2009). In one study with genetically matched murine ESCs and
iPSCs, no consistent gene expression differences were
observed, except for transcripts within the imprinted Dlk1–Dio3
gene cluster (Stadtfeld et al., 2010). Similarly, few differences
were observed in a comparison of gene expression and histone
modifications in human ESCs and iPSCs (Guenther et al., 2010).
However, some iPSCs do retain an epigenetic memory of their
donor cells (Kim et al., 2010b; Polo et al., 2010; Lister et al.,
2011). These results indicate that ESC state and thus ESC regu-
latory circuitry is re-established in fully reprogrammed iPSCs,
but that a limited memory of the gene expression program of
the cell of origin can be observed in some iPSCs.
Transitioning from ES to Specialized States
The ESC regulatory circuitry is reconfiguredwhen cells are stimu-
lated to differentiate (Figure 6B). ESC differentiation involves the
lossofOct4 andNanog through transcriptional andposttranscrip-
tional mechanisms, activation of lineage-specific transcription
factors and miRNAs, and changes to the subunit composition
of cofactors. Silencing of the Pou5f1 gene is mediated by
trans-acting repressors such as ARP-1, COUP-TF1, and GCNF,
nucleosome modification by the G9a H3K9 methyltransferase,
and promoter DNA methylation by Dnmt3a/3b (Ben-Shushan
et al., 1995; Feldman et al., 2006; Fuhrmann et al., 2001). Nanog
undergoes proteolytic destruction by caspase-3 (Fujita et al.,
2008). Specific miRNAs (mir-134, mir-296, and mir-470, for
example) contribute to reduce the levels of Oct4, Nanog, and
Sox2 mRNAs (Tay et al., 2008). Loss of the key ESC transcription
factors leads to downregulation of the miRNA regulator Lin28,
withconsequentmaturationof theLet-7miRNAs,whicharehighly
expressed in somatic tissues where they inhibit self-renewal
genes (Melton et al., 2010; Viswanathan et al., 2008). Differentia-
tion is also accompanied by modifications in the subunit compo-
sition of mediator, BAF, and TFIID complexes (Deato et al., 2008;
Deato and Tjian, 2007; Ho and Crabtree, 2010; Taatjes, 2010). In
summary, the signals that stimulate ESCs to differentiate cause
changes in all classes of regulators discussed here: transcription
factors, cofactors, chromatin regulators, and ncRNAs.
Insights into Disease Mechanisms
The study of ESC control has provided new insights into
mechanisms that are involved in several human diseases. For
example, improved understanding of the functions of transcrip-
tion factors such as c-Myc, cofactor complexes such as medi-
ator and cohesin, and chromatin regulators such as TrxG and
PcG has provided new insights into the molecular pathways
affected by mutations in these regulators.
Key aspects of the ESC gene expression program are recapit-
ulated in cancer cells (Ben-Porath et al., 2008), and it has been
argued that this is largely a consequence of c-Myc (Kim et al.,
2010a). c-Myc amplification is the most frequent somatic
copy-number amplification in tumor cells (Beroukhim et al.,
2010). Tumor cells that overexpress c-Myc have enhanced
expression of proliferation genes, and this is likely due to the
role of c-Myc in recruiting P-TEFb to effect RNA polymerase II
pause release at these genes (Rahl et al., 2010). This insight
suggests that therapeutic agents that target control of transcrip-
tion elongation may be valuable for treating tumors that overex-
press c-Myc.
Mutations in the genes encoding mediator, cohesion, and the
cohesion-loading factor Nipbl can cause an array of human
developmental syndromes and diseases. Mediator mutations
have been associated with Opitz-Kaveggia (FG) syndrome,
Lujan syndrome, schizophrenia, Transposition of the Great
Arteries (TGA) syndrome, and colon cancer progression (Ding
et al., 2008; Firestein et al., 2008; Muncke et al., 2003; Philibert
and Madan, 2007; Risheg et al., 2007; Schwartz et al., 2007).
Mutations in Nipbl and cohesin are responsible for most cases
of Cornelia de Lange syndrome, which is characterized by devel-
opmental defects and mental retardation and appears to be the
result of misregulation of gene expression rather than chromo-
some cohesion or mitotic abnormalities (Krantz et al., 2004;
Strachan, 2005; Tonkin et al., 2004). Knowledge that mediator,
Nipbl, and cohesin are linked at active promoters suggests ther-
apies that might compensate for partial loss of transcriptional
activity. The CDK8 kinase resides within a subcomplex of medi-
ator that has repressive activities (Knuesel et al., 2009; Taatjes,
2010), so it is conceivable that small-molecule antagonists of
CDK8 would lead to an increase in transcriptionally active
mediator/cohesin assemblies.
Mutations that affect the functions or levels of TrxG and
PcG chromatin regulators have been implicated in a variety of
cancers (Bracken and Helin, 2009; Krivtsov and Armstrong,
2007). The study of these regulators in ESCs and in cancer cells
has revealed how repression of lineage-specific transcription
factors and cell-cycle regulators may contribute to cancer
phenotypes. Chromatin regulators with enzymatic activities are
a new class of targets for small-molecule drug discovery, and
we can expect new developments in this field in the near future.
Summary and Outlook
Howdo regulators of the ESC gene expression program produce
a self-renewing cell capable of differentiating into all the cells of
the adult? Part of the answer is that the core transcription factors
positively autoregulate their own expression, activate transcrip-
tion of a large fraction of the active genes, and contribute to the
poised state of lineage-specific genes. The core transcription
factors frequently share enhancers with signaling transcription
factors, so signal transduction pathways can deliver signals
directly to the genes regulated by the core factors. At activelytranscribed genes, additional transcription factors implicated in
proliferation and other aspects of self-renewal bind to sites
that can be separate from the core enhancers and modulate
RNA expression levels though mechanisms that include release
of paused polymerases. The core factors help create a poised
state by recruiting repressive chromatin regulators to genes
encoding lineage-specific factors.
Many of the regulatory features of ESCs probably operate to
control cell identity in other cell types. Reprogramming and
transdifferentiation experiments support the idea that a small
number of master transcription factors can control cell state in
various cell types (Graf and Enver, 2009; Vierbuchen et al.,
2010; Zhou et al., 2008a). If this model holds true for most cell
types, then identification of the master transcription factors of
all cell types would significantly improve our understanding of
cell identity. The concept that some transcription factors control
transcription initiation and others transcription elongation is
almost certainly operative in all cell types, suggesting that
improved models of global transcriptional control will depend
on ascertaining which of these functions applies to each tran-
scription factor. The ability of signaling pathways to transmit
information about the cellular environment to enhancers bound
by master regulators seems likely to be general, and if this is
the case, better understanding of the cell-type-specific effects
of certain signaling pathways will be at hand. The emerging
evidence that repression of ESC genes by PcG complexes can
involve RNA species transcribed in the vicinity of the repressed
genes makes it important to determine whether PcG complexes
are generally recruited or stabilized by local transcription in other
cell types, and if so, to learn what controls such transcription.
ESCs will continue to provide a powerful system for discov-
ering the molecules and mechanisms that regulate mammalian
cell state and a resource for understanding the changes that
occur as cells differentiate. There are, however, many interesting
challenges that must be met in order to more fully understand
the basic regulation of these cells, the process of mammalian
development, and how regulation goes awry in disease. These
include, but are not limited to, determining the dynamic changes
that occur as cells migrate through the cell cycle to self-renew or
to differentiate, ascertaining the influence of natural cellular envi-
ronments, and understanding the impact of genetic variation.
ACKNOWLEDGMENTS
Many ideas discussed in this Review emerged from conversations with Steve
Bilodeau, Laurie Boyer, Megan Cole, Joan and Ron Conaway, Jerry Crabtree,
Job Dekker, David Gifford, Amanda Fisher, Garrett Frampton, Matthew
Guenther, Kristian Helin, Rudolf Jaenisch, Richard Jenner, Michael Kagey,
Tony Lee, Stuart Levine, Charles Lin, John Lis, Alexander Marson, AlanMullen,
Jamie Newman, Huck Ng, Stuart Orkin, David Orlando, Renato Paro, Peter
Rahl, Peter Reddien, Robert Roeder, Phillip Sharp, Dylan Taatjes, Ken Zaret,
Len Zon, Robert Weinberg, and Thomas Zwaka. I am also grateful to David
Orlando and Steve Bilodeau for help with data analysis and figures.
REFERENCES
Alarcon, C., Zaromytidou, A.I., Xi, Q., Gao, S., Yu, J., Fujisawa, S., Barlas, A.,
Miller, A.N., Manova-Todorova, K., Macias, M.J., et al. (2009). Nuclear CDKs
drive Smad transcriptional activation and turnover in BMP and TGF-beta
pathways. Cell 139, 757–769.Cell 144, March 18, 2011 ª2011 Elsevier Inc. 949
Ambrosetti, D.C., Scholer, H.R., Dailey, L., and Basilico, C. (2000). Modulation
of the activity ofmultiple transcriptional activation domains by the DNA binding
domains mediates the synergistic action of Sox2 and Oct-3 on the fibroblast
growth factor-4 enhancer. J. Biol. Chem. 275, 23387–23397.
Avilion, A.A., Nicolis, S.K., Pevny, L.H., Perez, L., Vivian, N., and Lovell-Badge,
R. (2003). Multipotent cell lineages in early mouse development depend on
SOX2 function. Genes Dev. 17, 126–140.
Azuara, V., Perry, P., Sauer, S., Spivakov, M., Jorgensen, H.F., John, R.M.,
Gouti, M., Casanova, M., Warnes, G., Merkenschlager, M., et al. (2006).
Chromatin signatures of pluripotent cell lines. Nat. Cell Biol. 8, 532–538.
Bartel, D.P. (2009). MicroRNAs: Target recognition and regulatory functions.
Cell 136, 215–233.
Beattie, G.M., Lopez, A.D., Bucay, N., Hinton, A., Firpo, M.T., King, C.C., and
Hayek, A. (2005). Activin A maintains pluripotency of human embryonic stem
cells in the absence of feeder layers. Stem Cells 23, 489–495.
Ben-Porath, I., Thomson, M.W., Carey, V.J., Ge, R., Bell, G.W., Regev, A., and
Weinberg, R.A. (2008). An embryonic stem cell-like gene expression signature
in poorly differentiated aggressive human tumors. Nat. Genet. 40, 499–507.
Ben-Shushan, E., Sharir, H., Pikarsky, E., and Bergman, Y. (1995). A dynamic
balance between ARP-1/COUP-TFII, EAR-3/COUP-TFI, and retinoic acid
receptor:retinoid X receptor heterodimers regulates Oct-3/4 expression in
embryonal carcinoma cells. Mol. Cell. Biol. 15, 1034–1048.
Bernstein, B.E., Mikkelsen, T.S., Xie, X., Kamal, M., Huebert, D.J., Cuff, J., Fry,
B., Meissner, A., Wernig, M., Plath, K., et al. (2006). A bivalent chromatin
structure marks key developmental genes in embryonic stem cells. Cell 125,
315–326.
Beroukhim, R., Mermel, C.H., Porter, D., Wei, G., Raychaudhuri, S., Donovan,
J., Barretina, J., Boehm, J.S., Dobson, J., Urashima, M., et al. (2010). The land-
scape of somatic copy-number alteration across human cancers. Nature 463,
899–905.
Bilodeau, S., Kagey, M.H., Frampton, G.M., Rahl, P.B., and Young, R.A.
(2009). SetDB1 contributes to repression of genes encoding developmental
regulators and maintenance of ES cell state. Genes Dev. 23, 2484–2489.
Boland, M.J., Hazen, J.L., Nazor, K.L., Rodriguez, A.R., Gifford, W., Martin, G.,
Kupriyanov, S., and Baldwin, K.K. (2009). Adult mice generated from induced
pluripotent stem cells. Nature 461, 91–94.
Bonasio, R., Tu, S., and Reinberg, D. (2010). Molecular signals of epigenetic
states. Science 330, 612–616.
Boyer, L.A., Lee, T.I., Cole, M.F., Johnstone, S.E., Levine, S.S., Zucker, J.P.,
Guenther, M.G., Kumar, R.M., Murray, H.L., Jenner, R.G., et al. (2005). Core
transcriptional regulatory circuitry in human embryonic stem cells. Cell 122,
947–956.
Boyer, L.A., Plath, K., Zeitlinger, J., Brambrink, T., Medeiros, L.A., Lee, T.I.,
Levine, S.S., Wernig, M., Tajonar, A., Ray, M.K., et al. (2006). Polycomb
complexes repress developmental regulators in murine embryonic stem cells.
Nature 441, 349–353.
Bracken, A.P., and Helin, K. (2009). Polycomb group proteins: navigators of
lineage pathways led astray in cancer. Nat. Rev. Cancer 9, 773–784.
Bracken, A.P., Dietrich, N., Pasini, D., Hansen, K.H., and Helin, K. (2006).
Genome-wide mapping of Polycomb target genes unravels their roles in cell
fate transitions. Genes Dev. 20, 1123–1136.
Britten, R.J., and Davidson, E.H. (1969). Gene regulation for higher cells:
a theory. Science 165, 349–357.
Brownell, J.E., Zhou, J., Ranalli, T., Kobayashi, R., Edmondson, D.G., Roth,
S.Y., and Allis, C.D. (1996). Tetrahymena histone acetyltransferase A:
A homolog to yeast Gcn5p linking histone acetylation to gene activation.
Cell 84, 843–851.
Buhler, M., and Moazed, D. (2007). Transcription and RNAi in heterochromatic
gene silencing. Nat. Struct. Mol. Biol. 14, 1041–1048.
Cammas, F., Herzog, M., Lerouge, T., Chambon, P., and Losson, R. (2004).
Association of the transcriptional corepressor TIF1beta with heterochromatin
protein 1 (HP1): an essential role for progression through differentiation. Genes
Dev. 18, 2147–2160.950 Cell 144, March 18, 2011 ª2011 Elsevier Inc.Cartwright, P., McLean, C., Sheppard, A., Rivett, D., Jones, K., and Dalton, S.
(2005). LIF/STAT3 controls ES cell self-renewal and pluripotency by a Myc-
dependent mechanism. Development 132, 885–896.
Chambers, I., and Smith, A. (2004). Self-renewal of teratocarcinoma and
embryonic stem cells. Oncogene 23, 7150–7160.
Chambers, I., Colby, D., Robertson, M., Nichols, J., Lee, S., Tweedie, S., and
Smith, A. (2003). Functional expression cloning of Nanog, a pluripotency
sustaining factor in embryonic stem cells. Cell 113, 643–655.
Chambers, I., Silva, J., Colby, D., Nichols, J., Nijmeijer, B., Robertson, M.,
Vrana, J., Jones, K., Grotewold, L., and Smith, A. (2007). Nanog safeguards
pluripotency and mediates germline development. Nature 450, 1230–1234.
Chen, X., Vega, V.B., and Ng, H.H. (2008a). Transcriptional regulatory
networks in embryonic stem cells. Cold Spring Harb. Symp. Quant. Biol. 73,
203–209.
Chen, X., Xu, H., Yuan, P., Fang, F., Huss,M., Vega, V.B.,Wong, E., Orlov, Y.L.,
Zhang, W., Jiang, J., et al. (2008b). Integration of external signaling pathways
with the core transcriptional network in embryonic stem cells. Cell 133,
1106–1117.
Chew, J.L., Loh, Y.H., Zhang, W., Chen, X., Tam, W.L., Yeap, L.S., Li, P., Ang,
Y.S., Lim, B., Robson, P., et al. (2005). Reciprocal transcriptional regulation of
Pou5f1 and Sox2 via the Oct4/Sox2 complex in embryonic stem cells. Mol.
Cell. Biol. 25, 6031–6046.
Chia, N.Y., Chan, Y.S., Feng, B., Lu, X., Orlov, Y.L., Moreau, D., Kumar, P.,
Yang, L., Jiang, J., Lau, M.S., et al. (2010). A genome-wide RNAi screen
reveals determinants of human embryonic stem cell identity. Nature 468,
316–320.
Clapier, C.R., and Cairns, B.R. (2009). The biology of chromatin remodeling
complexes. Annu. Rev. Biochem. 78, 273–304.
Cole, M.F., Johnstone, S.E., Newman, J.J., Kagey, M.H., and Young, R.A.
(2008). Tcf3 is an integral component of the core regulatory circuitry of embry-
onic stem cells. Genes Dev. 22, 746–755.
Conaway, R.C., Sato, S., Tomomori-Sato, C., Yao, T., and Conaway, J.W.
(2005). The mammalian Mediator complex and its role in transcriptional regu-
lation. Trends Biochem. Sci. 30, 250–255.
Core, L.J., Waterfall, J.J., and Lis, J.T. (2008). Nascent RNA sequencing
reveals widespread pausing and divergent initiation at human promoters.
Science 322, 1845–1848.
Cote, J., Quinn, J., Workman, J.L., and Peterson, C.L. (1994). Stimulation of
GAL4 derivative binding to nucleosomal DNA by the yeast SWI/SNF complex.
Science 265, 53–60.
Deato, M.D., and Tjian, R. (2007). Switching of the core transcription
machinery during myogenesis. Genes Dev. 21, 2137–2149.
Deato, M.D., Marr, M.T., Sottero, T., Inouye, C., Hu, P., and Tjian, R. (2008).
MyoD targets TAF3/TRF3 to activate myogenin transcription. Mol. Cell 32,
96–105.
Dejosez, M., Krumenacker, J.S., Zitur, L.J., Passeri, M., Chu, L.F., Songyang,
Z., Thomson, J.A., and Zwaka, T.P. (2008). Ronin is essential for embryo-
genesis and the pluripotency of mouse embryonic stem cells. Cell 133,
1162–1174.
Dejosez, M., Levine, S.S., Frampton, G.M., Whyte, W.A., Stratton, S.A.,
Barton, M.C., Gunaratne, P.H., Young, R.A., and Zwaka, T.P. (2010). Ro-
nin/Hcf-1 binds to a hyperconserved enhancer element and regulates genes
involved in the growth of embryonic stem cells. Genes Dev. 24, 1479–1484.
Ding, L., Paszkowski-Rogacz, M., Nitzsche, A., Slabicki, M.M., Heninger, A.K.,
de Vries, I., Kittler, R., Junqueira, M., Shevchenko, A., Schulz, H., et al. (2009).
A genome-scale RNAi screen for Oct4 modulators defines a role of the Paf1
complex for embryonic stem cell identity. Cell Stem Cell 4, 403–415.
Ding, N., Zhou, H., Esteve, P.O., Chin, H.G., Kim, S., Xu, X., Joseph, S.M.,
Friez, M.J., Schwartz, C.E., Pradhan, S., et al. (2008). Mediator links epigenetic
silencing of neuronal gene expression with x-linked mental retardation. Mol.
Cell 31, 347–359.
Dodge, J.E., Kang, Y.K., Beppu, H., Lei, H., and Li, E. (2004). Histone H3-K9
methyltransferase ESET is essential for early development. Mol. Cell. Biol.
24, 2478–2486.
Endoh, M., Endo, T.A., Endoh, T., Fujimura, Y., Ohara, O., Toyoda, T., Otte,
A.P., Okano, M., Brockdorff, N., Vidal, M., et al. (2008). Polycomb group
proteins Ring1A/B are functionally linked to the core transcriptional regulatory
circuitry to maintain ES cell identity. Development 135, 1513–1524.
Farh, K.K., Grimson, A., Jan, C., Lewis, B.P., Johnston, W.K., Lim, L.P., Burge,
C.B., and Bartel, D.P. (2005). The widespread impact of mammalian
MicroRNAs on mRNA repression and evolution. Science 310, 1817–1821.
Fazzio, T.G., and Panning, B. (2010). Condensin complexes regulate mitotic
progression and interphase chromatin structure in embryonic stem cells.
J. Cell Biol. 188, 491–503.
Fazzio, T.G., Huff, J.T., and Panning, B. (2008). An RNAi screen of chromatin
proteins identifies Tip60-p400 as a regulator of embryonic stem cell identity.
Cell 134, 162–174.
Feldman, N., Gerson, A., Fang, J., Li, E., Zhang, Y., Shinkai, Y., Cedar, H., and
Bergman, Y. (2006). G9a-mediated irreversible epigenetic inactivation of
Oct-3/4 during early embryogenesis. Nat. Cell Biol. 8, 188–194.
Firestein, R., Bass, A.J., Kim, S.Y., Dunn, I.F., Silver, S.J., Guney, I., Freed, E.,
Ligon, A.H., Vena, N., Ogino, S., et al. (2008). CDK8 is a colorectal cancer
oncogene that regulates beta-catenin activity. Nature 455, 547–551.
Frankel, N., Davis, G.K., Vargas, D., Wang, S., Payre, F., and Stern, D.L. (2010).
Phenotypic robustness conferred by apparently redundant transcriptional
enhancers. Nature 466, 490–493.
Fryer, C.J., White, J.B., and Jones, K.A. (2004). Mastermind recruits
CycC:CDK8 to phosphorylate the Notch ICD and coordinate activation with
turnover. Mol. Cell 16, 509–520.
Fuda, N.J., Ardehali, M.B., and Lis, J.T. (2009). Defining mechanisms that
regulate RNA polymerase II transcription in vivo. Nature 461, 186–192.
Fuhrmann, G., Chung, A.C., Jackson, K.J., Hummelke, G., Baniahmad, A.,
Sutter, J., Sylvester, I., Scholer, H.R., andCooney, A.J. (2001). Mouse germline
restriction of Oct4 expression by germ cell nuclear factor. Dev. Cell 1, 377–387.
Fujita, J., Crane, A.M., Souza, M.K., Dejosez, M., Kyba, M., Flavell, R.A.,
Thomson, J.A., and Zwaka, T.P. (2008). Caspase activity mediates the differ-
entiation of embryonic stem cells. Cell Stem Cell 2, 595–601.
Galan-Caridad, J.M., Harel, S., Arenzana, T.L., Hou, Z.E., Doetsch, F.K., Mirny,
L.A., and Reizis, B. (2007). Zfx controls the self-renewal of embryonic and
hematopoietic stem cells. Cell 129, 345–357.
Gao, S., Alarcon, C., Sapkota, G., Rahman, S., Chen, P.Y., Goerner, N.,
Macias, M.J., Erdjument-Bromage, H., Tempst, P., and Massague, J. (2009).
Ubiquitin ligase Nedd4L targets activated Smad2/3 to limit TGF-beta
signaling. Mol. Cell 36, 457–468.
Gaspar-Maia, A., Alajem, A., Polesso, F., Sridharan, R., Mason, M.J., Heiders-
bach, A., Ramalho-Santos, J., McManus, M.T., Plath, K., Meshorer, E., et al.
(2009). Chd1 regulates open chromatin and pluripotency of embryonic stem
cells. Nature 460, 863–868.
Giraldez, A.J., Mishima, Y., Rihel, J., Grocock, R.J., Van Dongen, S., Inoue, K.,
Enright, A.J., and Schier, A.F. (2006). ZebrafishMiR-430 promotes deadenyla-
tion and clearance of maternal mRNAs. Science 312, 75–79.
Graf, T., and Enver, T. (2009). Forcing cells to change lineages. Nature 462,
587–594.
Grewal, S.I., and Elgin, S.C. (2007). Transcription and RNA interference in the
formation of heterochromatin. Nature 447, 399–406.
Guenther, M.G., and Young, R.A. (2010). Transcription. Repressive transcrip-
tion. Science 329, 150–151.
Guenther, M.G., Levine, S.S., Boyer, L.A., Jaenisch, R., and Young, R.A.
(2007). A chromatin landmark and transcription initiation at most promoters
in human cells. Cell 130, 77–88.
Guenther, M.G., Frampton, G.M., Soldner, F., Hockemeyer, D., Mitalipova, M.,
Jaenisch, R., and Young, R.A. (2010). Chromatin structure and gene expres-sion programs of human embryonic and induced pluripotent stem cells. Cell
Stem Cell 7, 249–257.
Gupta, R.A., Shah, N., Wang, K.C., Kim, J., Horlings, H.M., Wong, D.J., Tsai,
M.C., Hung, T., Argani, P., Rinn, J.L., et al. (2010). Long non-coding RNA
HOTAIR reprograms chromatin state to promote cancer metastasis. Nature
464, 1071–1076.
Han, M., and Grunstein, M. (1988). Nucleosome loss activates yeast down-
stream promoters in vivo. Cell 55, 1137–1145.
Hanna, J.H., Saha, K., and Jaenisch, R. (2010). Pluripotency and cellular
reprogramming: Facts, hypotheses, unresolved issues. Cell 143, 508–525.
Hart, A.H., Hartley, L., Ibrahim, M., and Robb, L. (2004). Identification, cloning
and expression analysis of the pluripotency promoting Nanog genes in mouse
and human. Dev. Dyn. 230, 187–198.
He, L., Thomson, J.M., Hemann, M.T., Hernando-Monge, E., Mu, D.,
Goodson, S., Powers, S., Cordon-Cardo, C., Lowe, S.W., Hannon, G.J.,
et al. (2005). A microRNA polycistron as a potential human oncogene. Nature
435, 828–833.
He, Y., Vogelstein, B., Velculescu, V.E., Papadopoulos, N., and Kinzler, K.W.
(2008). The antisense transcriptomes of human cells. Science 322, 1855–1857.
Ho, L., and Crabtree, G.R. (2010). Chromatin remodelling during development.
Nature 463, 474–484.
Hong, J.W., Hendrix, D.A., and Levine, M.S. (2008). Shadow enhancers as
a source of evolutionary novelty. Science 321, 1314.
Hu, G., Kim, J., Xu, Q., Leng, Y., Orkin, S.H., and Elledge, S.J. (2009).
A genome-wide RNAi screen identifies a new transcriptional module required
for self-renewal. Genes Dev. 23, 837–848.
Imbalzano, A.N., Kwon, H., Green, M.R., and Kingston, R.E. (1994). Facilitated
binding of TATA-binding protein to nucleosomal DNA. Nature 370, 481–485.
Ivanova, N., Dobrin, R., Lu, R., Kotenko, I., Levorse, J., DeCoste, C., Schafer,
X., Lun, Y., and Lemischka, I.R. (2006). Dissecting self-renewal in stem cells
with RNA interference. Nature 442, 533–538.
Jackson, M., Krassowska, A., Gilbert, N., Chevassut, T., Forrester, L., Ansell,
J., and Ramsahoye, B. (2004). Severe global DNA hypomethylation blocks
differentiation and induces histone hyperacetylation in embryonic stem cells.
Mol. Cell. Biol. 24, 8862–8871.
Jacob, F., and Monod, J. (1961). Genetic regulatory mechanisms in the
synthesis of proteins. J. Mol. Biol. 3, 318–356.
Jaenisch, R., and Young, R. (2008). Stem cells, the molecular circuitry of
pluripotency and nuclear reprogramming. Cell 132, 567–582.
James, D., Levine, A.J., Besser, D., and Hemmati-Brivanlou, A. (2005).
TGFbeta/activin/nodal signaling is necessary for the maintenance of pluripo-
tency in human embryonic stem cells. Development 132, 1273–1282.
Jiang, J., Chan, Y.S., Loh, Y.H., Cai, J., Tong, G.Q., Lim, C.A., Robson, P.,
Zhong, S., and Ng, H.H. (2008). A core Klf circuitry regulates self-renewal of
embryonic stem cells. Nat. Cell Biol. 10, 353–360.
Kagey, M.H., Newman, J.J., Bilodeau, S., Zhan, Y., Orlando, D.A.,
van Berkum, N.L., Ebmeier, C.C., Goossens, J., Rahl, P.B., Levine, S.S.,
et al. (2010). Mediator and cohesin connect gene expression and chromatin
architecture. Nature 467, 430–435.
Kanellopoulou, C., Muljo, S.A., Kung, A.L., Ganesan, S., Drapkin, R.,
Jenuwein, T., Livingston, D.M., and Rajewsky, K. (2005). Dicer-deficient
mouse embryonic stem cells are defective in differentiation and centromeric
silencing. Genes Dev. 19, 489–501.
Kang, L., Wang, J., Zhang, Y., Kou, Z., and Gao, S. (2009). iPS cells can
support full-term development of tetraploid blastocyst-complemented
embryos. Cell Stem Cell 5, 135–138.
Kanhere, A., Viiri, K., Araujo, C.C., Rasaiyaah, J., Bouwman, R.D., Whyte,
W.A., Pereira, C.F., Brookes, E., Walker, K., Bell, G.W., et al. (2010). Short
RNAs are transcribed from repressed polycomb target genes and interact
with polycomb repressive complex-2. Mol. Cell 38, 675–688.Cell 144, March 18, 2011 ª2011 Elsevier Inc. 951
Kayne, P.S., Kim, U.J., Han, M., Mullen, J.R., Yoshizaki, F., and Grunstein, M.
(1988). Extremely conserved histone H4 N terminus is dispensable for growth
but essential for repressing the silent mating loci in yeast. Cell 55, 27–39.
Kim, J., Chu, J., Shen, X., Wang, J., and Orkin, S.H. (2008). An extended
transcriptional network for pluripotency of embryonic stem cells. Cell 132,
1049–1061.
Kim, J., Woo, A.J., Chu, J., Snow, J.W., Fujiwara, Y., Kim, C.G., Cantor, A.B.,
and Orkin, S.H. (2010a). A Myc network accounts for similarities between
embryonic stem and cancer cell transcription programs. Cell 143, 313–324.
Kim, K., Doi, A., Wen, B., Ng, K., Zhao, R., Cahan, P., Kim, J., Aryee, M.J., Ji,
H., Ehrlich, L.I., et al. (2010b). Epigenetic memory in induced pluripotent stem
cells. Nature 467, 285–290.
Klochendler-Yeivin, A., Fiette, L., Barra, J., Muchardt, C., Babinet, C., and
Yaniv, M. (2000). The murine SNF5/INI1 chromatin remodeling factor is
essential for embryonic development and tumor suppression. EMBO Rep. 1,
500–506.
Knezetic, J.A., and Luse, D.S. (1986). The presence of nucleosomes on a DNA
template prevents initiation by RNA polymerase II in vitro. Cell 45, 95–104.
Knuesel, M.T., Meyer, K.D., Bernecky, C., and Taatjes, D.J. (2009). The human
CDK8 subcomplex is a molecular switch that controls Mediator coactivator
function. Genes Dev. 23, 439–451.
Kornberg, R.D., and Thomas, J.O. (1974). Chromatin structure; oligomers of
the histones. Science 184, 865–868.
Krantz, I.D., McCallum, J., DeScipio, C., Kaur, M., Gillis, L.A., Yaeger, D.,
Jukofsky, L., Wasserman, N., Bottani, A., Morris, C.A., et al. (2004). Cornelia
de Lange syndrome is caused by mutations in NIPBL, the human homolog
of Drosophila melanogaster Nipped-B. Nat. Genet. 36, 631–635.
Krivtsov, A.V., and Armstrong, S.A. (2007). MLL translocations, histone modi-
fications and leukaemia stem-cell development. Nat. Rev. Cancer 7, 823–833.
Krogan, N.J., Dover, J., Wood, A., Schneider, J., Heidt, J., Boateng, M.A.,
Dean, K., Ryan, O.W., Golshani, A., Johnston, M., et al. (2003). The Paf1
complex is required for histone H3 methylation by COMPASS and Dot1p: link-
ing transcriptional elongation to histone methylation. Mol. Cell 11, 721–729.
Kwon, H., Imbalzano, A.N., Khavari, P.A., Kingston, R.E., and Green, M.R.
(1994). Nucleosome disruption and enhancement of activator binding by
a human SW1/SNF complex. Nature 370, 477–481.
Landeira, D., Sauer, S., Poot, R., Dvorkina, M., Mazzarella, L., Jorgensen, H.F.,
Pereira, C.F., Leleu, M., Piccolo, F.M., Spivakov, M., et al. (2010). Jarid2 is
a PRC2 component in embryonic stem cells required for multi-lineage differen-
tiation and recruitment of PRC1 and RNA Polymerase II to developmental
regulators. Nat. Cell Biol. 12, 618–624.
Lee, J.T. (2009). Lessons from X-chromosome inactivation: long ncRNA as
guides and tethers to the epigenome. Genes Dev. 23, 1831–1842.
Lee, T.I., Jenner, R.G., Boyer, L.A., Guenther, M.G., Levine, S.S., Kumar, R.M.,
Chevalier, B., Johnstone, S.E., Cole, M.F., Isono, K., et al. (2006). Control of
developmental regulators by Polycomb in human embryonic stem cells. Cell
125, 301–313.
Leeb,M., Pasini, D., Novatchkova,M., Jaritz, M., Helin, K., andWutz, A. (2010).
Polycomb complexes act redundantly to repress genomic repeats and genes.
Genes Dev. 24, 265–276.
Levine, M., and Tjian, R. (2003). Transcription regulation and animal diversity.
Nature 424, 147–151.
Li, B., Carey, M., and Workman, J.L. (2007). The role of chromatin during tran-
scription. Cell 128, 707–719.
Li, G., Margueron, R., Ku, M., Chambon, P., Bernstein, B.E., and Reinberg, D.
(2010). Jarid2 and PRC2, partners in regulating gene expression. Genes Dev.
24, 368–380.
Liang, J., Wan, M., Zhang, Y., Gu, P., Xin, H., Jung, S.Y., Qin, J., Wong, J.,
Cooney, A.J., Liu, D., et al. (2008). Nanog and Oct4 associate with unique tran-
scriptional repression complexes in embryonic stem cells. Nat. Cell Biol. 10,
731–739.952 Cell 144, March 18, 2011 ª2011 Elsevier Inc.Lister, R., Pelizzola,M., Kida, Y.S., Hawkins, R.D., Nery, J.R., Hon, G., Antosie-
wicz-Bourget, J., O’Malley, R., Castanon, R., Klugman, S., et al. (2011). Hot-
spots of aberrant epigenomic reprogramming in human induced pluripotent
stem cells. Nature. Published online February 2, 2011. 10.1038/nature09798.
Lluis, F., Pedone, E., Pepe, S., and Cosma, M.P. (2008). Periodic activation of
Wnt/beta-catenin signaling enhances somatic cell reprogramming mediated
by cell fusion. Cell Stem Cell 3, 493–507.
Loh, Y.H., Wu, Q., Chew, J.L., Vega, V.B., Zhang, W., Chen, X., Bourque, G.,
George, J., Leong, B., Liu, J., et al. (2006). The Oct4 and Nanog transcription
network regulates pluripotency in mouse embryonic stem cells. Nat. Genet.
38, 431–440.
Lorch, Y., LaPointe, J.W., and Kornberg, R.D. (1987). Nucleosomes inhibit the
initiation of transcription but allow chain elongation with the displacement of
histones. Cell 49, 203–210.
Macarthur, B.D., Ma’ayan, A., and Lemischka, I.R. (2009). Systems biology
of stem cell fate and cellular reprogramming. Nat. Rev. Mol. Cell Biol. 10,
672–681.
Malik, S., and Roeder, R.G. (2005). Dynamic regulation of pol II transcription by
the mammalian Mediator complex. Trends Biochem. Sci. 30, 256–263.
Maniatis, T., Falvo, J.V., Kim, T.H., Kim, T.K., Lin, C.H., Parekh, B.S., and
Wathelet, M.G. (1998). Structure and function of the interferon-beta enhanceo-
some. Cold Spring Harb. Symp. Quant. Biol. 63, 609–620.
Margueron, R., Justin, N., Ohno, K., Sharpe, M.L., Son, J., Drury, W.J., 3rd,
Voigt, P., Martin, S.R., Taylor, W.R., De Marco, V., et al. (2009). Role of the
polycomb protein EED in the propagation of repressive histone marks. Nature
461, 762–767.
Marson, A., Foreman, R., Chevalier, B., Bilodeau, S., Kahn, M., Young, R.A.,
and Jaenisch, R. (2008a). Wnt signaling promotes reprogramming of somatic
cells to pluripotency. Cell Stem Cell 3, 132–135.
Marson, A., Levine, S.S., Cole, M.F., Frampton, G.M., Brambrink, T., John-
stone, S., Guenther, M.G., Johnston, W.K., Wernig, M., Newman, J., et al.
(2008b). Connecting microRNA genes to the core transcriptional regulatory
circuitry of embryonic stem cells. Cell 134, 521–533.
Masui, S., Nakatake, Y., Toyooka, Y., Shimosato, D., Yagi, R., Takahashi, K.,
Okochi, H., Okuda, A., Matoba, R., Sharov, A.A., et al. (2007). Pluripotency
governed by Sox2 via regulation of Oct3/4 expression in mouse embryonic
stem cells. Nat. Cell Biol. 9, 625–635.
Matoba, R., Niwa, H., Masui, S., Ohtsuka, S., Carter, M.G., Sharov, A.A., and
Ko, M.S. (2006). Dissecting Oct3/4-regulated gene networks in embryonic
stem cells by expression profiling. PLoS ONE 1, e26.
Meissner, A. (2010). Epigenetic modifications in pluripotent and differentiated
cells. Nat. Biotechnol. 28, 1079–1088.
Melton, C., Judson, R.L., and Blelloch, R. (2010). Opposing microRNA families
regulate self-renewal in mouse embryonic stem cells. Nature 463, 621–626.
Mitsui, K., Tokuzawa, Y., Itoh, H., Segawa, K., Murakami, M., Takahashi, K.,
Maruyama, M., Maeda, M., and Yamanaka, S. (2003). The homeoprotein
Nanog is required for maintenance of pluripotency in mouse epiblast and ES
cells. Cell 113, 631–642.
Muncke, N., Jung, C., Rudiger, H., Ulmer, H., Roeth, R., Hubert, A.,
Goldmuntz, E., Driscoll, D., Goodship, J., Schon, K., et al. (2003). Missense
mutations and gene interruption in PROSIT240, a novel TRAP240-like gene,
in patients with congenital heart defect (transposition of the great arteries).
Circulation 108, 2843–2850.
Murchison, E.P., Partridge, J.F., Tam, O.H., Cheloufi, S., and Hannon, G.J.
(2005). Characterization of Dicer-deficient murine embryonic stem cells.
Proc. Natl. Acad. Sci. USA 102, 12135–12140.
Nasmyth, K., and Haering, C.H. (2009). Cohesin: its roles and mechanisms.
Annu. Rev. Genet. 43, 525–558.
Niakan, K.K., Davis, E.C., Clipsham, R.C., Jiang, M., Dehart, D.B., Sulik, K.K.,
and McCabe, E.R. (2006). Novel role for the orphan nuclear receptor Dax1
in embryogenesis, different from steroidogenesis. Mol. Genet. Metab. 88,
261–271.
Nichols, J., Zevnik, B., Anastassiadis, K., Niwa, H., Klewe-Nebenius, D.,
Chambers, I., Scholer, H., and Smith, A. (1998). Formation of pluripotent
stem cells in the mammalian embryo depends on the POU transcription factor
Oct4. Cell 95, 379–391.
Niwa, H. (2007). How is pluripotency determined and maintained? Develop-
ment 134, 635–646.
Niwa, H., Burdon, T., Chambers, I., and Smith, A. (1998). Self-renewal of
pluripotent embryonic stem cells is mediated via activation of STAT3. Genes
Dev. 12, 2048–2060.
Niwa, H., Miyazaki, J., and Smith, A.G. (2000). Quantitative expression of
Oct-3/4 defines differentiation, dedifferentiation or self-renewal of ES cells.
Nat. Genet. 24, 372–376.
Niwa, H., Ogawa, K., Shimosato, D., and Adachi, K. (2009). A parallel circuit of
LIF signalling pathways maintains pluripotency of mouse ES cells. Nature 460,
118–122.
O’Donnell, K.A., Wentzel, E.A., Zeller, K.I., Dang, C.V., and Mendell, J.T.
(2005). c-Myc-regulated microRNAs modulate E2F1 expression. Nature 435,
839–843.
Okita, K., and Yamanaka, S. (2006). Intracellular signaling pathways regulating
pluripotency of embryonic stem cells. Curr. Stem Cell Res. Ther. 1, 103–111.
Olins, A.L., and Olins, D.E. (1974). Spheroid chromatin units (v bodies).
Science 183, 330–332.
Orkin, S.H., Wang, J., Kim, J., Chu, J., Rao, S., Theunissen, T.W., Shen, X., and
Levasseur, D.N. (2008). The transcriptional network controlling pluripotency in
ES cells. Cold Spring Harb. Symp. Quant. Biol. 73, 195–202.
Pan, G., Tian, S., Nie, J., Yang, C., Ruotti, V., Wei, H., Jonsdottir, G.A., Stewart,
R., and Thomson, J.A. (2007). Whole-genome analysis of histone H3 lysine 4
and lysine 27 methylation in human embryonic stem cells. Cell Stem Cell 1,
299–312.
Pandey, R.R., Mondal, T., Mohammad, F., Enroth, S., Redrup, L., Komorowski,
J., Nagano, T., Mancini-Dinardo, D., and Kanduri, C. (2008). Kcnq1ot1 anti-
sense noncoding RNA mediates lineage-specific transcriptional silencing
through chromatin-level regulation. Mol. Cell 32, 232–246.
Pardo, M., Lang, B., Yu, L., Prosser, H., Bradley, A., Babu, M.M., and
Choudhary, J. (2010). An expanded Oct4 interaction network: Implications
for stem cell biology, development, and disease. Cell Stem Cell 6, 382–395.
Pasini, D., Bracken, A.P., Jensen, M.R., Lazzerini Denchi, E., and Helin, K.
(2004). Suz12 is essential for mouse development and for EZH2 histone meth-
yltransferase activity. EMBO J. 23, 4061–4071.
Pasini, D., Bracken, A.P., Agger, K., Christensen, J., Hansen, K., Cloos, P.A.,
and Helin, K. (2008). Regulation of stem cell differentiation by histone methyl-
transferases and demethylases. Cold Spring Harb. Symp. Quant. Biol. 73,
253–263.
Pasini, D., Cloos, P.A., Walfridsson, J., Olsson, L., Bukowski, J.P., Johansen,
J.V., Bak,M., Tommerup, N., Rappsilber, J., and Helin, K. (2010). JARID2 regu-
lates binding of the Polycomb repressive complex 2 to target genes in ES cells.
Nature 464, 306–310.
Peng, J.C., Valouev, A., Swigut, T., Zhang, J., Zhao, Y., Sidow, A., and
Wysocka, J. (2009). Jarid2/Jumonji coordinates control of PRC2 enzymatic
activity and target gene occupancy in pluripotent cells. Cell 139, 1290–1302.
Pera, M.F., and Tam, P.P. (2010). Extrinsic regulation of pluripotent stem cells.
Nature 465, 713–720.
Peterlin, B.M., and Price, D.H. (2006). Controlling the elongation phase of tran-
scription with P-TEFb. Mol. Cell 23, 297–305.
Philibert, R.A., and Madan, A. (2007). Role of MED12 in transcription and
human behavior. Pharmacogenomics 8, 909–916.
Polo, J.M., Liu, S., Figueroa, M.E., Kulalert, W., Eminli, S., Tan, K.Y., Aposto-
lou, E., Stadtfeld, M., Li, Y., Shioda, T., et al. (2010). Cell type of origin influ-
ences the molecular and functional properties of mouse induced pluripotent
stem cells. Nat. Biotechnol. 28, 848–855.Rahl, P.B., Lin, C.Y., Seila, A.C., Flynn, R.A., McCuine, S., Burge, C.B., Sharp,
P.A., and Young, R.A. (2010). c-Myc regulates transcriptional pause release.
Cell 141, 432–445.
Rinn, J.L., Kertesz, M., Wang, J.K., Squazzo, S.L., Xu, X., Brugmann, S.A.,
Goodnough, L.H., Helms, J.A., Farnham, P.J., Segal, E., et al. (2007). Func-
tional demarcation of active and silent chromatin domains in human HOX
loci by noncoding RNAs. Cell 129, 1311–1323.
Risheg, H., Graham, J.M., Jr., Clark, R.D., Rogers, R.C., Opitz, J.M., Moesch-
ler, J.B., Peiffer, A.P., May, M., Joseph, S.M., Jones, J.R., et al. (2007). A recur-
rent mutation in MED12 leading to R961W causes Opitz-Kaveggia syndrome.
Nat. Genet. 39, 451–453.
Roeder, R.G. (1998). Role of general and gene-specific cofactors in the regu-
lation of eukaryotic transcription. Cold Spring Harb. Symp. Quant. Biol. 63,
201–218.
Roeder, R.G. (2005). Transcriptional regulation and the role of diverse coacti-
vators in animal cells. FEBS Lett. 579, 909–915.
Rossant, J. (2008). Stem cells and early lineage development. Cell 132,
527–531.
Sato, N., Meijer, L., Skaltsounis, L., Greengard, P., and Brivanlou, A.H. (2004).
Maintenance of pluripotency in human and mouse embryonic stem cells
through activation of Wnt signaling by a pharmacological GSK-3-specific
inhibitor. Nat. Med. 10, 55–63.
Schnetz, M.P., Handoko, L., Akhtar-Zaidi, B., Bartels, C.F., Pereira, C.F.,
Fisher, A.G., Adams, D.J., Flicek, P., Crawford, G.E., Laframboise, T., et al.
(2010). CHD7 targets active gene enhancer elements to modulate ES cell-
specific gene expression. PLoS Genet. 6, e1001023.
Schuettengruber, B., Chourrout, D., Vervoort, M., Leblanc, B., and Cavalli, G.
(2007). Genome regulation by polycomb and trithorax proteins. Cell 128,
735–745.
Scholer, H.R., Ruppert, S., Suzuki, N., Chowdhury, K., and Gruss, P. (1990).
New type of POU domain in germ line-specific protein Oct-4. Nature 344,
435–439.
Schultz, D.C., Ayyanathan, K., Negorev, D., Maul, G.G., and Rauscher, F.J.,
3rd. (2002). SETDB1: a novel KAP-1-associated histone H3, lysine 9-specific
methyltransferase that contributes to HP1-mediated silencing of euchromatic
genes by KRAB zinc-finger proteins. Genes Dev. 16, 919–932.
Schwartz, C.E., Tarpey, P.S., Lubs, H.A., Verloes, A., May, M.M., Risheg, H.,
Friez, M.J., Futreal, P.A., Edkins, S., Teague, J., et al. (2007). The original Lujan
syndrome family has a novel missense mutation (p.N1007S) in the MED12
gene. J. Med. Genet. 44, 472–477.
Seila, A.C., Calabrese, J.M., Levine, S.S., Yeo, G.W., Rahl, P.B., Flynn, R.A.,
Young, R.A., and Sharp, P.A. (2008). Divergent transcription from active
promoters. Science 322, 1849–1851.
Shen, X., Kim, W., Fujiwara, Y., Simon, M.D., Liu, Y., Mysliwiec, M.R., Yuan,
G.C., Lee, Y., and Orkin, S.H. (2009). Jumonji modulates polycomb activity
and self-renewal versus differentiation of stem cells. Cell 139, 1303–1314.
Silva, J., and Smith, A. (2008). Capturing pluripotency. Cell 132, 532–536.
Silva, J., Nichols, J., Theunissen, T.W., Guo, G., van Oosten, A.L., Barrandon,
O., Wray, J., Yamanaka, S., Chambers, I., and Smith, A. (2009). Nanog is the
gateway to the pluripotent ground state. Cell 138, 722–737.
Smith, A.G. (2001). Embryo-derived stem cells: of mice and men. Annu. Rev.
Cell Dev. Biol. 17, 435–462.
Smith, S.K., Charnock-Jones, D.S., and Sharkey, A.M. (1998). The role of
leukemia inhibitory factor and interleukin-6 in human reproduction. Hum.
Reprod. 13 (Suppl 3), 237–243, discussion 244–236.
Smith, T.A., and Hooper, M.L. (1983). Medium conditioned by feeder cells
inhibits the differentiation of embryonal carcinoma cultures. Exp. Cell Res.
145, 458–462.
Stadtfeld, M., and Hochedlinger, K. (2010). Induced pluripotency: history,
mechanisms, and applications. Genes Dev. 24, 2239–2263.
Stadtfeld, M., Apostolou, E., Akutsu, H., Fukuda, A., Follett, P., Natesan, S.,
Kono, T., Shioda, T., and Hochedlinger, K. (2010). Aberrant silencing ofCell 144, March 18, 2011 ª2011 Elsevier Inc. 953
imprinted genes on chromosome 12qF1 in mouse induced pluripotent stem
cells. Nature 465, 175–181.
Stock, J.K., Giadrossi, S., Casanova, M., Brookes, E., Vidal, M., Koseki, H.,
Brockdorff, N., Fisher, A.G., and Pombo, A. (2007). Ring1-mediated ubiquitina-
tion of H2A restrains poised RNA polymerase II at bivalent genes in mouse ES
cells. Nat. Cell Biol. 9, 1428–1435.
Strachan, T. (2005). Cornelia de Lange Syndrome and the link between chro-
mosomal function, DNA repair and developmental gene regulation. Curr. Opin.
Genet. Dev. 15, 258–264.
Sun, C., Nakatake, Y., Akagi, T., Ura, H., Matsuda, T., Nishiyama, A., Koide, H.,
Ko, M.S., Niwa, H., and Yokota, T. (2009). Dax1 binds to Oct3/4 and inhibits its
transcriptional activity in embryonic stem cells. Mol. Cell. Biol. 29, 4574–4583.
Surface, L.E., Thornton, S.R., and Boyer, L.A. (2010). Polycomb group proteins
set the stage for early lineage commitment. Cell Stem Cell 7, 288–298.
Taatjes, D.J. (2010). The human Mediator complex: a versatile, genome-wide
regulator of transcription. Trends Biochem. Sci. 35, 315–322.
Tam, W.L., Lim, C.Y., Han, J., Zhang, J., Ang, Y.S., Ng, H.H., Yang, H., and
Lim, B. (2008). T-cell factor 3 regulates embryonic stem cell pluripotency
and self-renewal by the transcriptional control of multiple lineage pathways.
Stem Cells 26, 2019–2031.
Tay, Y., Zhang, J., Thomson, A.M., Lim, B., and Rigoutsos, I. (2008).
MicroRNAs to Nanog, Oct4 and Sox2 coding regions modulate embryonic
stem cell differentiation. Nature 455, 1124–1128.
Tonkin, E.T., Wang, T.J., Lisgo, S., Bamshad, M.J., and Strachan, T. (2004).
NIPBL, encoding a homolog of fungal Scc2-type sister chromatid cohesion
proteins and fly Nipped-B, is mutated in Cornelia de Lange syndrome. Nat.
Genet. 36, 636–641.
Tsai, M.C., Manor, O., Wan, Y., Mosammaparast, N., Wang, J.K., Lan, F., Shi,
Y., Segal, E., and Chang, H.Y. (2010). Long noncoding RNA as modular
scaffold of histone modification complexes. Science 329, 689–693.
Vallier, L., Alexander, M., and Pedersen, R.A. (2005). Activin/Nodal and FGF
pathways cooperate to maintain pluripotency of human embryonic stem cells.
J. Cell Sci. 118, 4495–4509.
van den Berg, D.L., Snoek, T., Mullin, N.P., Yates, A., Bezstarosti, K.,
Demmers, J., Chambers, I., and Poot, R.A. (2010). An Oct4-centered protein
interaction network in embryonic stem cells. Cell Stem Cell 6, 369–381.
van der Stoop, P., Boutsma, E.A., Hulsman, D., Noback, S., Heimerikx, M.,
Kerkhoven, R.M., Voncken, J.W., Wessels, L.F., and van Lohuizen, M.
(2008). Ubiquitin E3 ligase Ring1b/Rnf2 of polycomb repressive complex 1
contributes to stable maintenance of mouse embryonic stem cells. PLoS
ONE 3, e2235.
Vaquerizas, J.M., Kummerfeld, S.K., Teichmann, S.A., and Luscombe, N.M.
(2009). A census of human transcription factors: function, expression and
evolution. Nat. Rev. Genet. 10, 252–263.
Vierbuchen, T., Ostermeier, A., Pang, Z.P., Kokubu, Y., Sudhof, T.C., and
Wernig, M. (2010). Direct conversion of fibroblasts to functional neurons by
defined factors. Nature 463, 1035–1041.
Viswanathan, S.R., Daley, G.Q., and Gregory, R.I. (2008). Selective blockade
of microRNA processing by Lin28. Science 320, 97–100.
Wang, J., Rao, S., Chu, J., Shen, X., Levasseur, D.N., Theunissen, T.W., and
Orkin, S.H. (2006). A protein interaction network for pluripotency of embryonic
stem cells. Nature 444, 364–368.
Wang, Y., Medvid, R., Melton, C., Jaenisch, R., andBlelloch, R. (2007). DGCR8
is essential for microRNA biogenesis and silencing of embryonic stem cell self-
renewal. Nat. Genet. 39, 380–385.
Wang, Y., Baskerville, S., Shenoy, A., Babiarz, J.E., Baehner, L., and Blelloch,
R. (2008). Embryonic stem cell-specific microRNAs regulate the G1-S transi-
tion and promote rapid proliferation. Nat. Genet. 40, 1478–1483.954 Cell 144, March 18, 2011 ª2011 Elsevier Inc.Williams, R.L., Hilton, D.J., Pease, S., Willson, T.A., Stewart, C.L., Gearing,
D.P., Wagner, E.F., Metcalf, D., Nicola, N.A., and Gough, N.M. (1988). Myeloid
leukaemia inhibitory factor maintains the developmental potential of embry-
onic stem cells. Nature 336, 684–687.
Wilusz, J.E., Sunwoo, H., and Spector, D.L. (2009). Long noncoding RNAs:
functional surprises from the RNA world. Genes Dev. 23, 1494–1504.
Wood, A.J., Severson, A.F., and Meyer, B.J. (2010). Condensin and cohesin
complexity: the expanding repertoire of functions. Nat. Rev. Genet. 11,
391–404.
Wu, Q., Chen, X., Zhang, J., Loh, Y.H., Low, T.Y., Zhang,W., Sze, S.K., Lim, B.,
and Ng, H.H. (2006). Sall4 interacts with Nanog and co-occupies Nanog
genomic sites in embryonic stem cells. J. Biol. Chem. 281, 24090–24094.
Yamanaka, S., and Blau, H.M. (2010). Nuclear reprogramming to a pluripotent
state by three approaches. Nature 465, 704–712.
Yap, K.L., Li, S., Munoz-Cabello, A.M., Raguz, S., Zeng, L., Mujtaba, S., Gil, J.,
Walsh, M.J., and Zhou,M.M. (2010). Molecular interplay of the noncoding RNA
ANRIL and methylated histone H3 lysine 27 by polycomb CBX7 in transcrip-
tional silencing of INK4a. Mol. Cell 38, 662–674.
Yeap, L.S., Hayashi, K., and Surani, M.A. (2009). ERG-associated protein with
SET domain (ESET)-Oct4 interaction regulates pluripotency and represses the
trophectoderm lineage. Epigenetics Chromatin 2, 12.
Ying, Q.L., Nichols, J., Chambers, I., and Smith, A. (2003). BMP induction of Id
proteins suppresses differentiation and sustains embryonic stem cell self-
renewal in collaboration with STAT3. Cell 115, 281–292.
Yuan, P., Han, J., Guo, G., Orlov, Y.L., Huss, M., Loh, Y.H., Yaw, L.P., Robson,
P., Lim, B., and Ng, H.H. (2009). Eset partners with Oct4 to restrict extraembry-
onic trophoblast lineage potential in embryonic stem cells. Genes Dev. 23,
2507–2520.
Zaratiegui, M., Irvine, D.V., and Martienssen, R.A. (2007). Noncoding RNAs
and gene silencing. Cell 128, 763–776.
Zhang, J., Tam,W.L., Tong, G.Q.,Wu, Q., Chan, H.Y., Soh, B.S., Lou, Y., Yang,
J., Ma, Y., Chai, L., et al. (2006). Sall4 modulates embryonic stem cell pluripo-
tency and early embryonic development by the transcriptional regulation of
Pou5f1. Nat. Cell Biol. 8, 1114–1123.
Zhang, X., Zhang, J., Wang, T., Esteban, M.A., and Pei, D. (2008). Esrrb acti-
vates Oct4 transcription and sustains self-renewal and pluripotency in embry-
onic stem cells. J. Biol. Chem. 283, 35825–35833.
Zhao, J., Sun, B.K., Erwin, J.A., Song, J.J., and Lee, J.T. (2008). Polycomb
proteins targeted by a short repeat RNA to themouse X chromosome. Science
322, 750–756.
Zhao, J., Ohsumi, T.K., Kung, J.T., Ogawa, Y., Grau, D.J., Sarma, K., Song,
J.J., Kingston, R.E., Borowsky, M., and Lee, J.T. (2010). Genome-wide identi-
fication of Polycomb-associated RNAs by RIP-seq. Mol. Cell 40, 939–953.
Zhao, X.Y., Li, W., Lv, Z., Liu, L., Tong,M., Hai, T., Hao, J., Guo, C.L., Ma, Q.W.,
Wang, L., et al. (2009). iPS cells produce viable mice through tetraploid
complementation. Nature 461, 86–90.
Zhong, X., and Jin, Y. (2009). Critical roles of coactivator p300 in mouse
embryonic stem cell differentiation and Nanog expression. J. Biol. Chem.
284, 9168–9175.
Zhou, Q., Brown, J., Kanarek, A., Rajagopal, J., and Melton, D.A. (2008a).
In vivo reprogramming of adult pancreatic exocrine cells to beta-cells. Nature
455, 627–632.
Zhou, W., Zhu, P., Wang, J., Pascual, G., Ohgi, K.A., Lozach, J., Glass, C.K.,
and Rosenfeld, M.G. (2008b). Histone H2Amonoubiquitination represses tran-
scription by inhibiting RNA polymerase II transcriptional elongation. Mol. Cell
29, 69–80.
